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The present study is part of a project called: 'Acid rain and mycorrhiza of Douglas-
fir (Pseudotsuga menziesii [Mirb.] Franco), an integration of laboratory and field 
studies'. The purpose of this project is to gain insight in the effects of air pollution 
on mycorrhizas. The present study deals with the physiological response of three 
ectomycorrhizal fungi of the Douglas-fir to changed chemical conditions in acid soils. 
Ectomycorrhizas 
Mycorrhizas are associations between fungi and plant roots. Such an association is 
considered as a mutualistic symbiosis in which the fungus receives carbohydrates from 
the plant, while the plant receives inorganic nutrients from the fungus. There are sev­
eral kinds of mycorrhizas: ericoid, ecto and vesicular-arbuscular mycorrhizas. Trees 
in temperate climates mainly contain ectomycorrhizas. In ectomycorrhizas fungal 
mycelium surrounds the fine roots (sheath) and hyphae of the fungus form a network 
between the cortical cells of the root (Hartig net). The thickness of the sheath and 
the extent of outgrowth of hyphae into the soil depend on the fungal species. A tree 
species can contain several fungal partners (Trappe 1962). The majority of ectomyc­
orrhizal fungal species belong to the Basidiomycetes and Ascomycetes and form above 
ground fruitbodies. 
Mycorrhizal trees often exhibit better growth compared to nonmycorrhizal trees 
but the effect depends on the mycorrhizal fungal species involved. This growth stim­
ulation is generally attributed to enhanced uptake of nutrients and water. Recently 
evidence was provided that ectomycorrhizas are able to derive mineral and carbon 
nutrients from organic resources (Dighton 1991). It has also been reported that my­
corrhizas increase the protection against pathogenic soil fungi, heavy metals and low 
pH (for a review see Harley and Smith 1983). The degree of infection of roots with my­
corrhizal fungi depends on the nutrient availability in the soil. In general mycorrhizas 
are most abundant in soils with low nutrient concentrations (Bougher et al. 1990). 
Under such conditions the stimulatory effect of mycorrhizas on tree growth is also 
maximal. Fertilization with ammonium and nitrate reduces the degree of infection 
with mycorrhizas (Tennorshuizen 1990). 
Mycorrhizas are thought to enhance nutrient uptake by increasing the soil volume 
that is exploited (Harley 1989). The fungal mycelium extends the absorbing surface 
and may reach beyond depletion zones around the roots. Especially in dry soils 
depletion zones for ions like phosphate (P), NH4+ and K + may develop around roots. 
Then ion transport will be limited by the diffusion of the ions to the root surface. 
Ion uptake in the roots may also be determined by the kinetical properties of 
the uptake process involved. Uptake is favoured both by a high efficiency (low K
m
) 
and a high maximal rate of uptake (V
m a
i,). However, little is known about the 
effect of mycorrhizas upon the kinetics of ion uptake. The affinity of Ρ for the Ρ 
transport system in tomato roots is significantly increased by inoculation with an 
endomycorrhizal fungus (Cress et al. 1979). Two studies have been reported on the 
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kinetics of nitrogen uptake by mycorrhizal and nonmycorrhizal Douglas-fir. Littke 
(1982) found that inoculation of Douglas-fir seedlings with Hebeloma crustuhmforme 
increases both the affinity and the capacity of the roots for NH4+. In contrast, 
Kamminga-Van Wijk (1991) found no clear differences in NH4+ uptake kinetics when 
Lacearía bicolor is used as ectomycorrhizal fungus. 
Ion uptake kinetics 
As is indicated above the transport characteristics of ectomycorrhizas may be of 
special importance. Ions are absorbed by the fungal mycelium first before they are 
translocated to the tree roots. This means that the fungal plasma membrane is 
the first barrier in ion transport. The plasma membrane is impermeable for many 
solutes and it contains special transport systems for uptake and excretion. Also 
energy is required for the maintenance of the ionic composition of the cytosol, which 
differs considerably from that of the environment. Most inorganic ions have to be 
transported against a concentration gradient. The rate of uptake ν as function of the 
ion concentration s can often be described by the Michaelis-Menten equation (Epstein 








 + s 
where V
m a l is the maximal rate of uptake and K m is the substrate concentration at 
which ν is equal to 0.5 У
Ш
ах- However, both K
m
 and V
m a l are not really constants 
and may depend on several factors, like the membrane potential and the cell pH, as is 
found for the yeast Saccharomyces cerevtsiae (see Borst-Pauwels 1981 for a review). 
Furthermore most biological membranes bear a net negative surface charge which 
will attract cations and repelí anions towards and from the membrane, respectively 
(McLaughlin 1977). The rate of uptake is determined by the concentration of the ion 
near the membrane and not by its concentration in the bulk solution. The surface 
potential depends on the ionic composition of the medium. Polyvalent cations reduce 
the surface potential either by screening or by binding to the negative groups on the 
membrane, whereas monovalent cations are less effective. A reduction of the negative 
surface potential will lead to an increase in the Km for cation uptake and a decrease 
in Km for anion uptake (Theuvenet and Borst-Pauwels 1976). 
Ion transport may also be complicated by the involvement of more than one car-
rier. This may be detected by determining the rate of ion transport over a large 
concentration range. In the fungi S. cerevisiae and Neurospora crassa two separate 
uptake systems are found for Ρ uptake; one with a K
m
 of 1-10 μΜ and the other with 
a K
m
 of 100-1000 μΜ (Beever and Burns 1980). K + uptake in the yeast is even more 
complex (Borst-Pauwels 1981). A two-site carrier is involved in this case. For plant 
roots several influx models for K + are proposed (Jensen et al. 1987). 
It should be noticed that in unfertilized soils nutrient concentrations are so low 
that only the high affinity (low K
m
) systems are of ecological importance. 
With exception of the Ascomycetes S. cerevisiae and N. crassa, kinetics of ion up­
take in fungi arc very scarcely investigated. As far as mycorrhizal fungi are concerned 
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hardly any detailed information about the ion uptake characteristics is available. 
Direct and indirect effects of acid deposition on ectomycorrhizas and ec-
tomycorrhizal fungi 
In the last decades a decrease in the number of fruitbodies of ectomycorrhizal fungi 
has been observed in Europe (Arnolds 1988, 1991). Some formerly common species 
have even become rare. It is likely that the mycorrhizas have also decreased as 
Jansen and De Nie (1988) showed for Douglas-fir that the number of fruitbodies of 
ectomycorrhizal fungi may be a reliable index for the number of mycorrhizas per 
unit volume of soil. According to Arnolds (1991) indirect effects of air pollution 
are probably the major cause for this decline. Especially a high level of ammonium 
sulphate seems to be detrimental for fruitbody production of ectomycorrhizal fungi in 
mature stands of Scots pine (Pmus sylvestris L.) (Termorshuizen and Schaffers 1987) 
and Douglas-fir (Jansen 1991). There may be a correlation between the abundance of 
mycorrhizas and the vitality of the host tree. In The Netherlands both the occurrence 
of mycorrhizas and the vitality of the trees are the lowest in the southern part of the 
country where the level of air pollution is the highest (Staatsbosbeheer 1986). 
Recently Jansen and Dighton (1990) reviewed the literature for the effects of air 
pollution on ectomycorrhizas. Evidence for the possibility that the mycorrhizas are de-
creasing because they receive less carbohydrates from the tree affected by air pollution 
has not been found. On the other hand several studies demonstrated the sensitivity 
of ectomycorrhizas and ectomycorrhizal fungi to changes in the soil chemistry induced 
by air pollutants (see Jansen and Dighton 1990 for réf.). Moreover, it appears that a 
large interspecific variation among ectomycorrhizal fungi exists. Tree growth may be 
reduced when the mycorrhizal development and consequently the nutrient transport 
via the mycorrhizas are impaired. 
Effects of acid deposition on soil chemistry 
In The Netherlands the annual deposition of NHj. (gaseous NH3 and NH44") is 40-80 
kg h a - 1 year - 1 (Van Breemen and Van Dijk 1988) which is much higher than in the 
surrounding countries due to the high concentrations of livestock farms in our country. 
Deposition of NHj. causes soil acidification both directly via ammonium uptake by 
plant roots and indirectly by nitrification of ammonium to nitrate because these 
processes are accompanied by H+ production (Van Breemen et al. 1982). Excessive 
levels of ammonium may develop in the top soil when the ammonium input exceeds 
the rates of nitrification and ammonium assimilation by the vegetation (Van Breemen 
and Van Dijk 1988). 
Poorly buffered soils are sensitive to acidification due to deposition of SO2, NOj. 
and NHj. (Mulder et al. 1987). The acidification of the soil induces changes in the 
composition of the soil solution; concentrations of dissolved aluminium ions and other 
potentially toxic metal ions increase and cations like potassium, calcium and magne-
sium are leached. Molar ratios of Al/Ca > 1 (Ulrich 1983), NH4/K > 5 and NH4/Mg 
> 10 (Roelofs et al. 1988) in the soil solution point to mineral imbalances. In the soils 
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of Douglas-fir stands in The Netherlands these critical values are sometimes exceeded 
(Kleijn et al. 1989, Van der Maas and Pape 1991). In soil solution concentrations 
of heavy metals like cadmium are generally extremely low. Moreover, for the greater 
part the metal ions are absorbed on the soil cation exchance complex. However, 
strong acidification of the soil may also increase the presence of these ions in the soil 
solution by exchanging with H+. 
Physiological effects of soil chemical factors 
Like many plant species adapted to acid soils the majority of ectomycorrhizal fungal 
species prefer NH4+ as mineral nitrogen source (Lundeberg 1970). Some of them are 
even unable to use NO3 - . Uptake of NH·»"1" is accompanied by H+ excretion and 
when this results in acidification of the medium growth may be reduced. NH4 ' -fed 
plants are characterized by a low content of mineral cations and organic ions (Salsac 
et al. 1987). Inside the cell NH4+ is converted into amides and amino acids, a process 
requiring carbohydrates. The generated protons are excreted and/or neutralized by 
anions of organic acids from the TCA cycle, the so- called biochemical pH stat (Raven 
and Smith 1976). NH4+ nutrition becomes detrimental to plants and fungi when the 
ionic balance can not be maintained due to a shortage of organic anions. Herbaceous 
plant species depend on nitrate reduction for the synthesis of sufficient organic anions. 
Gijsman (1990) calculated that growth of 3-year-old Douglas-fir is reduced when less 
than 20% of total inorganic N is taken up as NO3". In contrast, Kamminga-Van 
Wijk (1991) found that at limiting nutrient concentrations growth of Douglas-fir in 
hydroculture is not impaired in the absence of NO3 - . The latter finding fits in with 
reports that species of trees and ectomycorrhizal fungi are able to synthesize organic 
anions independently of the NOs" reduction showing good growth in the presence of 
NH4+ as the sole N-source (Plassard et al. 1991). 
The pH of the soil solution is an important factor in ion transport having both 
direct and indirect effects. At low pH cation uptake is reduced by antagonism between 
cations and H+ and the permeability of the plasmamembrane may be disturbed in 
plants (Moore 1974) and yeast (Borst-Pauwels 1981). In the soil pH influences the 
availability of many elements, e.g. Al3+ , Fe3 + , phosphate. (Lindsay 1979). For exam-
ple the solubility of aluminium increéiscs exponentially with decreasing pH. Uptake of 
phosphate may be influenced by pH through its effect on the relative distribution of 
ionic species of phosphate (H3PO4, H2PO4', HPO42 - and PO43"). 
Since Ulrich (1981) hypothesized that soil acidification is the major cause of the 
recent decline of many forests, the Al sensitivity of many tree species has been inves-
tigated. In plants Al3+ is shown to affect mitosis, DNA replication, protein synthesis, 
some enzymes, permeability of membranes and transport of P, Ca, Mg, К and mi-
cronutrients (for a review see Andersson 1988). Several Al tolerance mechanisms are 
known. In the medium Al toxicity is reduced by complexation of Al3 + with inorganic 
anions like phosphate and sulphate and organic acid anions (Lindsay 1979). 
Organisms including fungi are extremely sensitive to cadmium (Trevors et al. 
1986). It is assumed that cadmium exerts its toxic effects after C d 2 + is taken up 
into the cell leading to damage of membranes and disturbance of Ca 2 + homeostasis. 
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Availability and uptake of Cd2+ depends on many environmental factors, e.g. pH, 
concentrations of Ca2 + , phosphate and organic acids. Many organisms may reduce 
the cadmium toxicity by decreasing the uptake of Cd2+ into the cells, precipitation 
of Cd outside the cell as sulfide or phosphate and reduction of intracellular Cd2+ 
by synthesis of cadmium binding proteins or polyphosphates (McEntee et al. 1986). 
However, Kessels (1987) found indications that in yeast extracellular Cd2+ may be 
toxic as well. 
The project 'Acid rain and ectomycorrhiza of Douglas-fir' within the Dutch 
Priority Programme on Acidification 
The Dutch Programme on Acidification aimed to gain more insight into the mech-
anisms involved in the decreasing vitality of the Dutch forests and was initiated in 
1985. The Douglas-fir was chosen as the model tree and used for studies on the ef-
fects of air pollution on tree biology and physiology (Posthumus and Jansen 1990). 
In forest stands it is almost impossible to study whether primarily the tree is affected 
and the mycorrhiza as a consequence, or in reverse order. This was the main reason 
to tackle this problem at three levels: the ecosystem level (Jansen and De Vries 1988, 
Jansen et al. 1991), the plant with or without mycorrhizal partner in both pot and 
hydroponic experiments (Kamminga-Van Wijk 1991) and the mycorrhiza! fungi in 
pure culture (this thesis). In this way it may be possible to judge whether it is the 
tree, the mycorrhiza or the fungus that is most sensitive to changes in composition of 
the soil solution. 
For the experiments in this dissertation three ectomycorrhizal fungi were selected: 
Lacearía bicolor (Maire) P.D. Orton, Lactanus rufas (Scop.) Fr. and Lactanus hep-
aticus Plowr. ap. Boud. From each species one isolate from fruitbodies is used. These 
species are basidiomycetes and are common in Douglas-fir stands in The Netherlands 
(Jansen 1991). There are indications that in the last decades the occurrence of Lac-
tanus rufas decreased in the Dutch forests, while the occurrence of Lacearía bicolor 
and Lactanus hepaticus increased (Arnolds 1985). The fungi are culturable on nutri-
ent medium. The fungal cultures maintain the potential to form mycorrhizas. Under 
laboratory conditions mycorrhizas could be synthesized using Douglas-fir seedlings 
and pure cultures of all three fungi (Jansen and De Vries 1988, Jansen et al. 1991, 
Kamminga-Van Wijk 1991). 
Outline of this thesis 
In pure culture experiments the ectomycorrhizal fungal species Lacearía bicolor, Lac-
tanus rufus and Lactanus hepaticus are compared as far as concerned their sensitivity 
to different soil chemical factors. As a first step we investigated to what extent growth 
is affected by low pH, and by varying concentrations of ammonium, aluminium and 
cadmium in the nutrient solution. Secondly, uptake of the macronutrients K1", NH4"," 
and Ρ in the fungi is characterized. Furthermore the effect of NH«"1" and pH on K + 
uptake and the effect of Al3 + on uptake of K+ and Ρ is examined. 
The effects of NH4+ and pH on growth on solid medium are studied in chapter 2. It 
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was decided to distinguish between direct and indirect effects of NH4+ by application 
of buffered and unbuffered media. In a separate experiment the pH response of the 
three fungi is determined. 
In chapter 3 the kinetics of both K + and N H i + uptake are described. Furthermore, 
we examined whether addition of NH4+ affects the kinetics of K+ uptake. 
The effects of aluminium and acidity in liquid culture are studied in chapter 4. 
We also studied whether Al toxicity in the fungi could be alleviated by increasing the 
concentrations of Ca, Mg and phosphate. Furthermore, the effect of Al and pH on 
K + uptake is studied. 
Differences in Al tolerance may be associated with differences in uptake of phos­
phate. The results of the effect of Al on Ρ uptake and the kinetics of Ρ uptake in the 
three fungi are described in chapter 5. 
In chapter 6 we compared the response of the three fungi to cadmium. 
A general discussion of the results is given in chapter 7. Attention will be given to 
the study of Kamminga-Van Wijk (1991) concerning the effects of nutrient concentra­
tion and acid rain factors on Douglas-fir with and without Lacearía bicolor as fungal 
associate. That study is also part of the project on acid rain and ectomycorrhizas of 
Douglas-fir. 
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Effects of ammonium and pH on growth of some 
ectomycorrhizal fungi in vitro 
R H. J O N G B L O E D and G. W. F. Η B O R S T - P A U W E L S 1 
Catholic Unnersity of Nijmegen, Department of Biology, Laboratory of Cell Biology, Toernooiveld 1, 
6525 ED Nijmegen, The Netherlands 
S U M M A R Y 
In The Netherlands, together with the vitality of trees, most of the 
associated ectomycorrhizal fungi are declining This decline is strongly 
correlated with the deposition of ammonium sulphate The effect of 
ammonium and pH on pure culture growth of ectomycorrhizal fungi 
originating from Douglas fir (Pseudotsuga menziesn) plantations was 
examined at a range of ammonium and pH levels. One isolate each of 
three ectomycorrhizal fungi, Lacearía bicolor, Lactanus rufus and 
L hepattcus were selected and responded to an increase in the 
ammonium concentration from 1 to 10 т м , with a considerable 
increase in biomass production and a decrease in radial growth. During 
growth, acidification of the medium occurred. Addition of ammonium 
up to concentrations of 10 т м caused this acidification to increase 
considerably Buffering the medium slightly affected the effect of 
ammonium upon biomass production, however, the radial growth 
reduction found in unbuffered medium was not apparent in L bicolor 
and L. rufus, and was diminished in L. hepattcus. The sensitivity to 
medium acidification increased in the order L rufus, L. hepattcus, 
L bicolor Both Lactanus isolates showed optimal radial growth at pH 
4 0, whereas radial growth of L bicolor increased with increasing pH 
values up to 6-6 Optimal biomass growth occurred at lower pH values 
of 3 0,4 0 and 4-8 for L. rufus, L hepattcus and L. bicolor, respectively 
In contrast with elevated ammonium concentrations, low pH had 
strong inhibitory effects on two of the fungi examined That soil pH^er 
se is a key factor in the decline of L rufus and the increase of 
L. hepattcus is not supported by the pH response in pure culture. 
Key-words acidification, ammonium, ectomycorrhizal fungi, growth, 
Lacearía bicolor, Lactanus hepattcus, Lactanus rufus, pH. 
I N T R O D U C T I O N 
Ectomycorrhizal fungi have been reported to increase growth and nutrient uptake by 
trees, especially when nutrients are at lower concentrations (Harley & Smith 1983). 
Laboratory experiments have shown that inoculation of Pseudotsuga menziesn with an 
ectomycorrhizal fungus enhanced ammonium uptake (Rygiewicz et al 1984, Kamminga-
van Wijk & Prins 1989). In The Netherlands, on the other hand, inorganic nitrogen is 
'To whom correspondence should be addressed 
12 
R. H. JONGBLOED ANDG W. F H. BORST-PAUWELS 
accumulating in forest soils due to high deposition rates of ammonium sulphate. 
Ammonium sulphate also causes soil acidification and is seen as a major environmental 
problem (Van Breemen et al. 1982). 
In recent decades a decline in ectomycorrhizal fungi in the Dutch forests has occurred, 
especially among species associated with coniferous trees on acidic, nutrient and 
humus-poor sandy soils. The decrease has been mainly attributed to acid precipitation 
and its effect on soil chemistry and the vitality of trees (Arnolds 1988). According to 
Termorshuizen & Schaffers (1987) a negative correlation exists between the number of 
carpophores and the number of ectomycorrhizal fungi in 'old' (50-80 years) stands of 
Pinus sylvestris and the amount of NH, emission. Jansen & de Vries ( 1988) have found a 
comparable relation in Douglas fir stands, although ammonium deposition may also 
stimulate fruit body formation of ectomycorrhizal fungi to a certain extent. Among the 
ectomycorrhizal fungi recorded, Lactarius hepaticus is one of the most abundant species 
and Lacearía bicolor and Lactarius rufus are also common species. Indications exist that 
the appearance of L. rufus has decreased during recent decades, while the frequency of 
L. bicolor is unchanged and that of L. hepaticus has markedly increased. An increase of 
L. hepaticus in mature coniferous plantations in recent decades has been reported by De 
Vries et al. (1985). In this context it should be noticed that the species composition of 
ectomycorrhizal fungi changes with ageing of stands (Mason et al. 1982, 1983). 
In-vitro studies of ectomycorrhizal fungi have shown that raising the ammonium con-
centration in a nutrient medium stimulates biomass growth (Littke et al. 1984; Boxman 
et al. 1986), whereas radial growth is stimulated or reduced by an increase in the 
ammonium concentration, depending on the species involved. Ammonium uptake by 
ectomycorrhizal fungi and ectomycorrhizas is accompanied by medium acidification, 
inducing indirect effects on growth (Littke et al. 1984; Rygiewicz et al. 1984). Considerable 
variations between the response of ectomycorrhizal fungi upon changes in pH have been 
reported, both interspecific and intraspecific (Laiho 1970; Hung & Trappe 1983) 
High ammonium concentrations and low medium-pH belong to the group of so called 
'acid rain' factors. In the present study both radial and biomass growth responses of some 
ectomycorrhizal fungi to these factors are investigated. This study is part of a project on 
the effects of changing soil chemical factors caused by acid rain on the growth and nutrient 
uptake of ectomycorrhizal fungi of the Douglas fir. Three isolates have been selected of 
each of the commonly occurring species, L. bicolor, L. rufus and L. hepaticus. 
M A T E R I A L S A N D M E T H O D S 
Cultures of Lacearía bicolor (Maire) P. D. Orton, Lactarius rufus (Scop.) Fr. and 
Lactarius hepaticus Plowr. ap. Boud. were obtained from Dr A. E. Jansen (Agricultural 
University of Wageningen, The Netherlands). These fungi were isolated from fruit bodies 
from Pseudotsuga menziesii (Mirb.) Franco stands in The Netherlands. Data on the soil 
type and soil moisture composition of the collection sites of the fungi were obtained from 
Kleijn et al. (1989). L. bicolor and L. rufus were collected from Kootwijk with a humic 
podzol with an average pH of 3-52 and an ammonium concentration of 0-83 ±0-54 т м . 
L. hepaticus originated from Amerongen with a leptic podzol with an average pH of 3-36 
and an ammonium concentration of 1-39 ±0-90 т м . These determinations were done on 
soil solution samples taken from the upper 15 cm soil layer. 
Fungal mycelium, used as inoculum for the growth experiments, was grown on solid 
MMN (modified Melin-Norkrans) medium (Marx 1969), except that the phosphate con­
centration was reduced from approximately 5-6 to 3-7 т м by replacing (NH 4 ) 2 HP0 4 by an 
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equivalent amount of NH4C1 In the ammonium and pH growth experiments described 
below, solid nutrient medium (Bacto-Agar 15 g Γ ') was used For inoculation, mycelial 
plugs 6 mm in diameter were cut from the edge of fungal colonies on solid medium All 
experiments took place at 22 С in the dark and were carried out in triplicate Radial 
growth was determined by measuring the colony diameter at regular intervals The growth 
period varied from 38 to 68 days depending on both the type of experiment and the fungal 
species, after which fungal biomass was determined by dissolving the agar in hot water, 
collecting the mycelium by filtration, drying at 105"C for 24 h and weighing According to 
Oort ( 1981 ) the boiling method will cause a loss of water-soluble compounds amounting 
to approximately 35% of total biomass with little variation between isolates and no effect 
of the age of cultures on the amount of loss We determined that the dry weight loss in 
L bicolor was approximately 18 5% The pH was determined at both the beginning and 
the end of the experiments using a standard glass electrode 
Ammonium growth experiments 
Υοτ the ammonium growth experiments, Petri dishes were filled with 15 ml solid nutrient 
medium at one-quarter strength The effect of ammonium in unbuffered medium was 
examined by addition of ammonium at concentrations of 1-40 т м at an initial pH of 4 7. 
In a separate experiment, the eclomycorrhizal fungi were grown on a high (10 т м ) and 
low ( 1 т м ) ammonium medium, both in the presence and the absence of 25 т м citric acid/ 
Tris, at pH 4 0 It is unlikely that citric acid is utilized in the presence of glucose, as it is 
known as a poor or even in some cases as an unsuitable carbon source for growth of 
eclomycorrhizal fungi (Jayko et al. 1962, Palmer & Hacskaylo 1970) Unless otherwise 
stated ammonium was added as NH4C1. 
pH grow th experiment 
To study the effect of pH on fungal growth on solid medium the agar and nutrient 
solutions, both at double strength, were sterilized separately This was done to prevent 
poor setting of the agar at low pH The nutrient solutions were adjusted to different pH 
values with 20 т м citric acid'Tris buffer After autoclaving and cooling in awaterbath to 
50oC, tubes with nutrient solution ( 10 ml) and an agar solution ( 10 ml) were combined in 
a Petri dish and swirled This resulted in full strength MMN medium with 10 т м citric 
acid/Tris and pH values ranging from 2 7 to 6-6 
R E S U L T S 
Ammonium growth experiments 
At first we examined the effect of varying ammonium concentrations on both radial 
growth and biomass production of the three fungi in an unbuffered medium with a starting 
pH of 4 7 This relatively high pH was chosen because from preliminary experiments it 
appeared that at high ammonium concentrations the pH of the unbuffered medium 
dropped greatly Increasing the ammonium concentration from 1 to 5 т м had 
pronounced effects on both biomass and radial growth of all three fungi (Fig 1) The 
biomass production increased 3-4 times Biomass production by L. bicolor and 
L hepaticum was maximal at lOmMammoniumanddecreasedslightlyathighcrammonium 
concentrations up to 40 т м Biomass formation by L ruf us showed a slight but significant 
(/><0 01) increase at ammonium concentrations increasing from 5 1о40тм 
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Fig. 1. Biomass production (a), radial growth (b) and medium pH (с) of Lac с ana bicolor ( О ). Lac ianusrufus( Δ ) 
and Lactanus hepatuus (D), after 68 days of growth at various ammonium concentrations in unbuffered solid 
one-quarter strength MMN medium Initial pH was 4 7 Results are means of an experiment in'triplicatc 
Standard errors commonly lay within the symbols and are therefore not shown 
The increase in biomass production was accompanied by a reduction in radial growth. 
This effect was most pronounced in L. bicolor. Radial growth of this fungus was reduced 
47% by increasing the ammonium concentration from 1 to 5 т м , and was reduced up to 
60% at higher ammonium concentrations. The effects of ammonium upon radial growth 
of both Lactarius spp. were similar to those found with L. bicolor, but the reduction in 
radial growth was less severe, amounting to 40% at the highest ammonium concentration. 
In the unbuffered medium the pH decreased during growth. Acidification increased 
with increasing ammonium concentrations and was about the same for the three species 
examined (Fig. 1c). At 1 т м ammonium the pH decreased from the initial value of 4-7 to 
4 0 and at 40 т м ammonium the pH dropped to approximately 2-2. 
For a comparison of growth in buffered and unbuffered medium, a starting pH of 40, 
being nearer the pH of natural habitats, was chosen. Two ammonium concentrations were 
applied, namely 1 т м (low ammonium) and 10 т м (high ammonium). The lowest one was 
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Table 1. Dry weight production (mg) of the ectomycorrhizal fungi grown 
for 50 days (Lacearía bicolor) and 64 days (Lactarius rufus and Lactarius 
hepaticus) on buffered (25 тм citric acid/Tris) or unbuffered solid one-
quarter strength MMN medium with high N (10 mMNH4)orlowN (1 тм 
NH,) 
Species 
Treatment L. bicolor L. rufus L. hepaticus 
Unbuffered medium 
LowN 160±0-3a 13-1±0-3a 10-2±0-3a 
HighN 58-6+l-I' 49-6±0-5c 33-5 + 4-0c 
Buffered medium 
LowN 16-4±0-6a 11-8 + 0-2а 8-4±0-1ь 
HighN 84-9±2-3d 44-0±2-r 35-8±7-0c 
Initial medium pH was 40. Final medium pH of the three species together was on 
average: 3-8 ±01 (unbuffered, low N), 2-4±01 (unbuffered, high N), 4-0±0-0 
(buffered, low N) and 3-8 + 0· 1 (buffered, high N). 
Means and standard errors arc shown for an experiment in triplicate. Data in the 
same column followed by a different letter are significantly different P<0-01\ 
Student's /-test. 
similar to the ammonium concentration prevailing in the soil, whereas at 10 т м almost 
maximal growth stimulation occurs, as shown in Fig. 1. When buffered medium was used, 
an increase in the ammonium concentration had a significantly greater effect on the 
biomass production of L. bicolor than when unbuffered medium was used (Table 1 ). With 
L. rufus and L. hepaticus no significant effect of the buffering on the relative biomass 
increase by increasing ammonium concentrations was found. The addition of the buffer at 
1 т м ammonium caused a slight but significant decrease in biomass production with 
L. hepaticus. Possibly this effect is due to the accompanying increase in ionic strength of 
the medium (data not shown). 
Figure 2 shows that in the presence of the citric acid/Tris buffer the initial rates of radial 
growth of the fungi were reduced. This effect was most pronounced in both Lactarius spp., 
and only slight in L. bicolor. In the absence of buffer the rate of radial growth decreased 
more rapidly after an initial increase than in the presence of buffer. This effect was more 
pronounced at 10 т м ammonium than at 1 т м . With L. bicolor and L. rufus a reduction in 
the radial growth of 51 % and 29%, respectively, was caused by raising the ammonium 
concentration from 1 to 10 т м in unbuffered medium, however, no appreciable decrease 
was found in buffered medium. This indicates that the reduction in radial growth by 
10 т м ammonium in the unbuffered medium was an indirect effect. With L. hepaticus, 
however, a decrease in radial growth at 10 т м ammonium was observed in buffered as 
well as in unbuffered medium, but also here the reduction in radial growth was most 
pronounced in unbuffered medium. The final reductions in the colony growth were 7 and 
21% in buffered and unbuffered medium, respectively. 
pH growth experiment 
Because in the absence of added buffer increasing the ammonium concentration led to an 
increased acidification of the medium, the effects of ammonium on growth may partly be 
indirect, being due to a more pronounced decrease in medium pH. Species-specific effects 
16 





( α ) 
У^ " 





( c ) 
10 20 30 4 0 50 6 0 
Time (doys) 
Fig. 2. Growth curves of Lacearía bicolor (a), Lactanus rufus (b) and Lactanus hepatic ut (с) on solid one-quarter 
strength MMN medium Treatments were unbuffered medium with 1 mMammomum(#)or lOmMammomum 
(O), buffered medium with I т м ammonium (•) or 10 тм ammonium (U) Initial pH was 4 0 Results arc 
means ofan experiment in triplicate Standard errors commonly lay within the symbols 
of ammonium on both radial growth and dry weight production may be a reflection of 
differences in the pH sensitivity of the species examined. For this purpose we examined the 
effect of the medium pH under buffered conditions on the growth of the fungi. We chose a 
full strength medium to lower the chance that the medium would become exhausted, 
which would mask the effect of suboptimal pH values on growth. In this medium the 
ammonium concentration amounted to 4 т м . L. bicolor had its optimum for biomass 
production at a higher pH compared to both the Lactarius spp. (Fig. 3). The dry weight 
production of L. bicolor was maximal at pH 4-8 and was 'good' (differing no more than 
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Fig. 3. The pH dependence of biomass production (a) and radial growth (b) of Lacearía bicolor (O), Lactarias 
rufus (Δ) and Lactarium hepaticus (IH) on buffered solid MMN medium The growth period was 38 days for 
Uu с ana bicolor ana 52 days for both Ijjctanusspp. Results are means of an experiment in triplicate Only when 
the SEM exceeds 2 mg and 2 mm is it included 
20% with the growth at optimum pH (Hung & Trappe 1983)) at pH 3-9-6-6. The pH 
dependence of radial growth differed from that of biomass production and increased with 
pH over the entire range tested, suggesting that at least two pH-dependent processes are 
involved. Both dry weight and radial growth decreased rapidly when the pH was lowered 
from 4 0 to 2-7. The growth patterns of L. rufus and L. hepaticus showed some similarities 
but L. rufus was somewhat more acidophilic than L. hepaticus. Dry weight production and 
radial growth of L. rufus were good in the pH range 2·7-4·5 and 3-1-4-9, respectively. For 
L. hepaticus the pH range for good growth was quite narrow, namely 3-1-4-5 and 3-5-5Ό 
for dry weight production and radial growth, respectively. Growth of both Lactarius spp. 
was poor at pH 5-8 and virtually zero at pH 6-6. In another experiment with liquid instead 
of solid medium, growth response (dry weight production) of the fungi was comparable 
(data not shown). Furthermore, it appeared that growth was completely stopped at pH 2. 
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The pigmentation of L. bicolor also depended on the medium pH. The violet colour of its 
mycelium was most intense at pH 3-2 and 4 0 and was absent at pH 6-6. In spite of the 
presence of a buffer in the medium some acidification still occurred. This acidification was 
on average 0-3 pH units. The pH values denoted in Fig. 3 are the mean of the initial and 
final pH. 
D I S C U S S I O N 
The nutritional effect of ammonium is evident from the experiment where the pH was not 
kept constant. Under those conditions a pronounced stimulation of biomass growth was 
found by raising the ammonium concentration from 1 to 5 т м . This 'fertilizing' effect of 
ammonium is in agreement with the results of other studies on ectomycorrhizal fungi 
(Littke et al. 1984; Boxman et al. 1986). 
In buffered medium the relative increase in biomass production caused by increasing 
the ammonium concentration from 1 to 10 т м is higher than in the unbuffered medium, 
namely 42%, 31% and 6% with L. bicolor, L. hepaticus and L. rufus, respectively. This 
phenomenon can be ascribed to the accompanying acidification of the medium which 
occurs in unbuffered medium (Morton & MacMillan 1954). This acidification increases 
with increasing ammonium concentrations, because ammonium uptake is accompanied 
by proton efflux (St John et al. 1985). In unbuffered medium this pH can drop to far below 
the optimal pH for all three species. From the pH dependence of biomass production 
one would expect that L. bicolor would show the largest indirect effect of increasing 
ammonium concentrations in poorly buffered media and L. rufus the lowest effect. 
Apparently the pH dependence of the fungi also influences the dependence of these fungi 
on the ammonium concentration besides the direct effect of ammonium as the main 
nitrogen source for growth. 
Whereas biomass production is increased by ammonium, radial growth is either 
decreased or unaffected. Littke et al. (1984) also found for some ectomycorrhizal fungi 
equal or slightly reduced radial growth on increasing the ammonium concentration. 
However, some other species only exhibited an increase in radial growth. As seen from the 
time dependence of the radial growth of the three fungi in unbuffered medium, an initial 
increase in the ammonium concentration from 1 to 10 т м has little effect. However, after 
15-23 days, depending on the species examined, radial growth in the presence of 10 т м 
ammonium increases less rapidly than at 1 т м ammonium. In buffered medium neither 
L. bicolor or L. rufus shows an appreciable decrease in radial growth at 10 т м ammonium. 
This indicates that the impairment of radial growth found in unbuffered medium is due to 
the acidification of the medium accompanying uptake of ammonium into the cells. In 
L. hepaticus in buffered medium, a transient decrease in radial growth is found indicating 
that with this isolate, besides acidification of the medium, a direct effect of ammonium on 
radial growth is involved. From the pH dependence of radial growth it is seen that 
L. bicolor is the most sensitive of the three fungi. The differences between L. rufus and 
L. hepaticus are not very clear and are complicated further by the fact that in L. hepaticus 
ammonium also has a direct effect on radial growth. Boxman et al. (1986) reported an 
inhibitory effect of increased ammonium concentrations on the radial growth of various 
ectomycorrhizal fungi, but because unbuffered medium was used they did not account for 
the possibility that it was due to strongly decreasing pH. 
Both biomass increment and radial growth were determined because of the different 
significance of these parameters for the functioning of the mycorrhizas. Mycorrhizal fungi 
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increase the nutrient and water uptake of trees both by increasing the absorbing area and 
by providing efficient cellular transport mechanisms (Harley & Smith 1983). Radial 
growth especially will contribute to the expansion of the absorbing area in the soil, making 
water and nutrients with a low mobility more easily attainable, while increase in biomass 
may increase the capacity for accumulation of nutrients. An increased level of ammonium 
in the soil may, especially when the buffer capacity of the rhizosphere is low, lead to a more 
compact mycelial growth by an increase in biomass formation together with a reduction in 
radial growth. This may result in a reduction in nutrient uptake. Boxman et al. (1986) 
proposed that ectomycorrhizal fungi might protect themselves against unfavourable soil 
constituents, such as high ammonium concentrations, by growing more compactly. 
Kamminga-van Wijk & Prins (1989) used the same L. bicolor isolate as in the present 
study for inoculation of Douglas fir seedlings in solution culture. They observed mycor-
rhizal formation at pH 40, but not at a pH below 3-5. For this fungus the potential to form 
mycorrhizas at low pH may be related to its response to low pH. However, extrapolation 
of pure culture growth of ectomycorrhizal fungi to the ability to form mycorrhizas in 
natural conditions is not always justified. Hung & Trappe (1983) found that the pH 
optima for in-vitro growth of ectomycorrhizal fungi are quite different from that of the 
habitat source. In that study, however, unbuffered nutrient medium was used; therefore 
their pH optima for in-vitro growth may have been overestimated due to acidification of 
the medium during fungal growth. 
Several studies have shown that both raising the pH and the ammonium concentration 
drastically reduces the formation and fructification of ectomycorrhizas. Wästerlund 
(1982) demonstrated that addition of acid to the soil of a Pinus sylvestris stand raised the 
amount of fruit bodies and number of ectomycorrhizal species, while treatment with 
limestone gave the opposite effect. A decrease in pH effect can also act indirectly by 
changing the availability of nutrients. In this context it is interesting that the fruit body dry 
weight production of ectomycorrhizal fungi including L. rufus was reduced by liming 
(Fiedler & Hunger 1963). The liming induced a pronounced raise in the pH of the humus 
layers suggesting that the pH plays a major role in the decline. However, the nutrient 
uptake of the fungi was unaffected. 
Fertilization experiments with ammonium strongly reduced fruit body production and 
infection of ectomycorrhizal fungi including L. rufus (Wästerlund 1982; Alexander & 
Fairlcy 1983; Meyer 1985; Jentschke et al. 1989). In apparent contradiction with this, the 
present study has shown that an increase in ammonium availability sharply stimulates 
biomass production of isolated ectomycorrhizal fungi in nutrient medium, indicating that 
the interaction of the tree and the mycorrhizal fungus must be quite complicated. 
The soil pH is a determinant factor in the manifestation of ectomycorrhizal fungi. In 
poorly buffered forest soils an increase in the ammonium concentration may lead to a 
considerable acidification of the rhizosphere. This could alter the species composition of 
ectomycorrhizal fungi, favouring the acidophilic ones. However, evidence for this view is 
not provided by the pH-dependent in-vitro studies of ectomycorrhizal fungi presented 
here. 
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Kinetics of NHj and K+ uptake by ectomycorrhizal fungi. Effect 
of NHJ on K+ uptake 
R. H. Jongbloed, J . Μ. Λ. M. Clement and G. W. F. H. Borst-Pauwels 
Jongbloed R H Clement J M A M and Borst-Pauwels. G W F H 1991 
Kinetics of NH¡ and K* uptake by ectomycorrhizal fungi Effect of NH,' on K* 
uptake - Physiol Plant 83 427^32 
NH/ and K* uptake experiments have been conducted with 3 ectomycorrhizal fungi 
originating from Douglas fir (Pseudotsuga menziesn [Mirb | Franco) stands At 
concentrations up to 2Í0 μΛί uptake of both NH,* and K' follow Michaehs-Menten 
kinetics Lacearía bicolor (Maire) Ρ D Orlon Lacianus rufus (Scop ) Fr and 
Lactanus hepancus Plowr ap Boud exhibit K
m
 values for NH,' uptake of 6 35 and 
55 μΜ respectively and K„, values for К'uptake of 24 18 and%|iA< respectively 
Addition of ΙΜμΛΥΝΗ, raises the Κ,,,οΓ К' uptake by L bicolor to 35 μΛί while the 
V
mi, remains unchanged It is argued that the increase of Km is possibly caused by 
depolarization of the plasma membrane It is not due to a competitive inhibition of 
K' by NH,* since the apparent inhibitor constan! is much higher than the K
m
 for NH,* 
uptake The possibility that NH,* and K* are taken up by ihc same carrier can be 
excluded The K
rn
 values for K' uptake in the two other fungi are not sigmficantlv 
affected by 100 μΜ NH,* Except for a direct effect of NH,' on influx of K* into the 
cells there may also be an indirect effect after prolonged incubation of the cells in the 
presence of 100 μΜ NH,* 
Kev words - Douglas fir cctomycorrhi/al fungi, in vitro kindles Κ
π
 К* uptake. 
Lacearía bicolor iMciarius hepancus Lactanus rufus NH,' uptake Pseudotsuga 
menziesn, \
пял 
R H Jongbloed and G W h H Borst Pauwels Corresponding author) Dept of Cell 
Biology, Umv of Nijmegen, Toernooiveld 6525 ED Nijmegen The Netherlands J 
MAM Clement (present address). Dept of Plant Biology Umv of Groningen 
Ρ О Box 14, 9750 AA Haren, The Netherlands 
showed that mycorrhizal seedlings have a lower K
m
 and 
a higher У,,,,, for NH,* uptake than non-mycorrhizal 
Ectomycorrhizal plants often show higher uptake rates seedlings 
of Ν , Ρ and К on a root weight basis than non-mycorrhi- In Dutch forest soils N H J is accumulating due to a 
zal plants (Harlev and Smith 1983) Inoculation of Dou- high deposition rate of ammonium sulphate, and excess 
glas fir seedlings with an ectomycorrhizal fungus en- NH,* is regarded as an important factor in the declining 
hanced uptake of NH,* (Rygicwicz et al 1984, Kam- vitality of coniferous trees (Van Breemen and Van Dijk 
minga-Van Wijk and Pnns 1988) and K* (Rygiewicz and 1988) and the associated mycorrhizal fungal flora (Ar-
Bledsoe 1984) nolds 1988) Laboratory experiments with ectomycor-
Little information is available concerning the kmet- rhizal fungi, isolated from Douglas fir, showed that high 
ical parameters of nutrient uptake in mycorrhizal roots NH,' concentrations indirectly inhibited growth via an 
Cress et al (1979) found mycorrhiza to increase the accelerated medium acidification caused by an en-
affinity (lowered K.J for phosphate uptake in tomato hanced N H | uptake (Jongbloed and Borst-Pauwels 
roots, while the maximal uptake rate ( V
m
„ ) was un- 1990) It has been hypothesized that NH,* may affect 
changed Concerning Douglas fir. W R Littke (1982, tree growth because the availability of nutrients like K* 
P h D Thesis. Univ of Washington, Seattle, WA. USA) become growth limiting (Roclofs et al 1985) The pres-
Introduction 
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enee of NHj* reduced Rb* uptake by the ectomycorrhi-
zal fungus Rhizopogon luteolus (Boxman et al 1986) 
and both Rb' and К* uptake by beech mycorrhizas (J 
M Wilson 1957 Ph D Thesis. Oxford Univ , UK) 
Exposure of seedlings of Scots pine (Boxman and Roe-
lofs 1988) and Douglas fir (Bledsoe and Rygicwicz 
1986) to NHj induced a loss of K* Mycorrhization of 
the roots reduced this K* loss 
The present study is part of a larger project called 
'acid rain and ectomycorrhizas of Douglas firs The first 
objective was to determine the NHj and K* uptake 
kinetics of the ectomycorrhizal fungi Lacearía bicolor, 
Laclarías hepaticum and Laclarías rufus grown in water 
culture The second objective was to investigate if K* 
uptake was affected by the presence of NHj 
Abbreviation - MMN modified Mehn-Norkrans 
Materials and methods 
Cullivation of fungi 
Cultures of Laccano bicolor (Maire) Ρ D Orton. Lac-
lanus rufus (Scop ) Fr and Lactarias hepalicus Plowr 
ар Boud were provided by Dr A E Jansen, Dept of 
Phytopathology. Agncutural Univ Wageningen. The 
Netherlands The fungal strains have been isolated from 
fruit bodies of Pseudotsuga menziesii (Mirb ) Franco 
stands m the Netherlands Mycelium for inoculation 
was grown on MMN agar (Marx 1969) for 3 (L bicolor) 
or 6 weeks (Z. rufus and L hepáticas) Then 8 mycelial 
plugs (6 mm in diameter) were inoculated m 500 ml 
Erlenmeyer flasks with 200 ml liquid MMN medium at 
one-fourth strength and with (ΝΗ4),ΗΡΟ, replaced by 
an equivalent amount of NH4CI The initial concentra­
tions of NHJ and K+ were 0 95 and 0 92 mM, respec­
tively The pH was buffered at 4 0 with 5 mM citric 
acid/Tris The liquid cultures were grown for 14 days on 
a rotary shaker at 22°C in the dark Jansen et al (1991) 
showed that К* influx in the 3 fungal strains was maxi­
mal at this growth stage (early log phase) and at pH 
values ranging from 4 to 5 
Uptake experiments 
Mycelial spheres were washed with double-distilled wa­
ter and preincuhatcd for 24 h in aerated medium of 20°C 
with the following composition 1% (w/v) glucose, 100 
μΜ CaCl,, 100 μΛ/ MgS04, 5 mM utnt acidOns, pH 
4 0 The mycelia were transferred to 20 ml fresh me­
dium continuously aerated at 20°C Then a small tran­
sient K* efflux was noticed for 5-15 mm This efflux 
may be caused by mechanical stimuli, a phenomenon 
also observed in roots of plants like Taraxacum (Hom­
mels et al 1990) After this period uptake studies were 
started by addition of K* or NHJ 
For NHJ uptake. NHJ was added as NHjCl at con­
centrations ranging from 2 to 250 μΜ and was mon­
itored continuously by means of an NHJ-selcctive elec­
trode (Philips IS 561-NHJ) in combination with a dou­
ble-junction reference electrode (Philips R44/2-SD/1) 
and a digital voltmeter (Philips PW 9421) After an 
initial rapid uptake (5 mm), probably in the free space 
of the mycelia, the uptake went on at a constant rate for 
more than 1 h Influx of NHJ was determined from the 
decrease in NHJ concentration in the time interval 
10-15 mm The data obtained with the NHJ-electrode 
were corrected for the sensitivity of the electrode lo К* 
(0 2 times that of NHJ) The external К ' concentration 
was determined by flame spectrophotometrv 
The time course of K* influx by L bicolor both m 
the absence of NHJ and in the presence of 1(H) and 1 (ИХ) 
μΜ NHJ, was determined Mycelium was incubated for 
4 h and samples of medium were taken at regular time 
intervals K* was applied at 100 μΜ and the K* concen­
tration was measured by flame spectrophotometrv In 
another experiment "Rb* was used to determine K* 
influx under the same conditions as above The de­
crease of "Rb* in the medium was determined by liquid 
scintillation spectrometry 
For determination of the kinetic parameters for K* 
uptake, the conditions were the same as for ΝΗ4 uptake 
experiments, except that KCl was used instead of 
NH^CI The external K* concentration was measured 
with a K*-selective electrode (Philips IS 561-K*) K* 
influx in the mycelia was calculated from the decrease in 
K* concentration of the medium in the time interval 
5-20 mm Using a time interval of 12-20 mm instead of 
5-20 mm did not significantly affect the results In a 
parallel experiment, the effect of NHJ on the K* influx 
was determined by adding UK) μΜ NHJ After uptake 
experiments, mycelia were blotted between filter paper 
and weighed Subsequently the mycelia were dried at 
105°C for 24 h for dry weight determination 
Influx K'C^Rb*) in L bicolor was also determined 
Half of the mycelial spheres were preincuhatcd in tubes 
(5 spheres per tube) containing 20 ml aerated medium 
without K* or NHJ The other mvcehal spheres were 
premcubated in medium where glucose was replaced by 
5 mM 2-deoxy-D-glucose and 15 μΜ antimvcm-A air 
was replaced by N·, This treatment is expected to inhibit 
cell metabolism Active phosphate uptake is namelv 
stopped under these conditions (data not shown) The 
values obtained under these conditions were used in 
order to correct for passive influx of the "'Rb* uptake 
found in the presence of glucose After 1 h the in­
cubation was started by addition of K* or NHJ at vari­
ous concentrations together with """Rb* After 30 mm 
incubation the mycelia were washed with 20 mM MgCl, 
at 0°C (Borst-Pauwcls et al 1973) for 5 mm in order to 
remove extracellular "Rb* Subsequently the mycelia 
were washed with distilled water and the fresh tissues 
were analysed for radioactivity 
The effect of NHJ was statistically evaluated using 
Student s ι test at the Ρ = 0 05 level 
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hie I Hofstee plot of N H j influx in I bicolor ( O ) L rufus 
( · ) and L hepaiicus ( Δ ) al different external N H / concentra­
tions (2 to 250 μΛ/) Medium pH was 4 0 Values represent 
means of 2 replicates ( L bicolor L hepaiicus) or 4 replicates 
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Fig 2 Time course of net K* uptake by L bicolor at 100 μΜ 
external K" and in absence ( O ) or presence of 100 μΛί N H , 
( · ) or 1 000 μΛί N H ; ( Δ ) Values represent means of 2 
replicates 
Results 
N H ; uptake 
T h e dependence of NH,* influx on N H , ' concentrations 
up to 250 μΜ could be described by Michaelis-Menten 
kinetics (Fig 1). according to a so-called Hofstee plot 
(Holstee 19S2) T h e influx is given by 
Tab 1 Kinetic constants for influx of N H ; and K* by 3 
(.uomvcorrhizal fungi and for K ' ( * R b * ) influx bv L bicolor 
Means ( ± SL·) derived from Figs 1 4 and 5 Km and K, are 
expressed in μΛί ^ , and V
 m „ are expressed m nmol (g 
DW) ' mm ' Data pairs in the same column and experiment 
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The apparent affinity of N H 4 for the NH,* uptake mcch 
anism was much higher in L bicolor than in L rufus 
and L hepaiicus (Tab 1) T h e maximal N H 4 ' influx was 
almost the same for L bicolor and L rufus and much 
higher for L hepaiicus 
L bicolor L rufus L hepaiicus _ 
Time, mm 
Fig 3 Time course of K ' C R b * ) influx in í. bicolor (expen 
mental conditions the same as in Fig 2) Values represent 
means of 2 replicates 
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(В) and L Fig 4 К* influx in 
hepaiitui (Г) as a function of the external K' concentration (3 
to З^ О μΜ) in the presence ( · ) and absence (O) of НЮ μΜ 
NHj For L bicolor and L hepancus influx was calculated 
from Ihe net uptake rates by correcting for an efflux of IS and 
SO nmol (g DW) ' mm ' respectively For L rufus efflux was 
negligible Values represent means of 2 replícales 
concentrations ranging from 3 to 250 μΜ I his net up­
take is the result of K* influx and concomitant K' 
efflux For studies of the concentration dependence of 
K + influx И was necessary to correct net uptake for the 
efflux of K* We made plots of the rate of net K* uptake 
against the K' concentration in the medium (mean con­
centration during the time interval in which K* uptake 
was determined) The curves obtained were extrapo­
lated to zero K* concentration The efflux was obtained 
from the intersection of the curve with the Y-ахіь The 
influx was obtained by adding the efflux to the rates of 
net uptake The efflux was not affected by the addition 
of ΙΟΙ) μΛί ΝΗχ It was assumed that the K* efflux was 
virtually independent of external K* concentration 
This assumption is probably true (see below) Figure 4 
shows that for the 3 fungi, the concentration depend­
ence of K + uptake at K* concentrations up to 250 μΛί 
К* could be described by Michaclis-Menten kinetics 
The Km values for K* uptake of L bicolor and L rufus 
were much lower than that of L hepaiicui (Tab 1 ) The 
V m „ of L rufus was approximately half of the values for 
L bicolor and L hepaiicus Table I also shows that the 
Km for K* uptake by L bicolor increased significantly 
by addition of 100 μΛ/ N H ; 
The influx of K* in the presence of NH,* assuming 
that the latter acts as a competitive inhibitor is given by 
equation (2) 
Κ„Κ(Ι + [ΝΗ;Ι/Κ,
Ν Η 4) + ( Κ · | (2) 
K„,
 K is the Kn, for K* influx in the absence of ΝΗΓ and 
KlN||4 is the apparent dissociation constant of NHJ for 
the K* binding sites From this equation К,
 Ч
|ц can be 
K* uptake 
Uptake of K* by L bicolor at 100 μΛί was linear during 
the first 60 mm and then levelled off (Fig 2) NH4+ 
concentrations of 100 and 1 000 μΜ did not affect the 
K f uptake initially After 4 h of incubation it had re­
duced the accumulation of K* in the cells to approxi­
mately 73% and 60% of the control, respectively Since 
net K f uptake was studied, it might be possible that a 
reduction in Ю influx by NHj* was masked due to a 
simultaneous reduction in K* efflux Therefore we also 
determined influx of K*(*Rb*) by L bicolor and stud­
ied the effect of N H ; upon this influx K'(*Rb*) influx 
was linear during at least 90 mm. both in the presence 
and in the absence of N H * (Fig 3) The presence of 
N H ; significantly reduced «'(""Rb*) influx after 90 mm 
with 1 000 μΜ and after 4 h with 100 μ Μ N H ; After 4 h 
incubation with 100 and I (ХЮ μΜ N H ; , K ^ ^ R b ' ) 
accumulation was reduced to approximately 76% and 
54% of the control respectively 
In order to examine the influence of N H ; on K* 
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Fig S Hofsteepiot of KM^Rb*) influx in / bicolor multiplied 
with the K* concentration as a function of external К in the 
presence ( · ) and absence (O) of KKt μΜ NH; Range of K* 
concentrations was 2 to 250 μΜ A correction is made for 
passive K*(w,Rb*) influx Values reprcsenl means of S repli 
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calculated For each fungus this value (Tab 1 ) appeared 
to be much higher than the Km value found for NH¿ 
uptake 
For L bicolor we also determined influx of 
K'(wRb*) in the presence of various amounts of K* and 
examined the effect of NHj upon this influx The rate of 
К ("'Rb*) influx as a function of the concentration of 
NHI and K* is given by equation (3) 
V _
 K
m R h(I+[K*]/Km K + [NH;]/K,NH4) + [Rb·] ( 3 ) 
Neglecting the concentration of Rb* m the numerator 
and multiplving ν with [K*]/[Rb*) and using V^, = 
V
mj,(KmK/Km„b).weget 
№= ( і к і / [ к ь > і ) =
к
т К
( , + [ ; н ж к 1 ) + [ к * , ^ 
The function of w has the same mathematical form as 
that of Eq (2) 
From the data presented in Fig 5 we also calculated 
the K
m
 for K' uptake by L bicolor (Tab 1) This K
m 
appeared to be approximately the same as for K* up­
take both in the absence and in the presence of 100 μΜ 
NH; Apparently the way we corrected for K* efflux in 
the net K* uptake experiments was correct, indicating 
that our assumption that K* efflux was not appreciably 
influenced by the external K* concentration was valid 
According to Eq (4) the K
m
 for Rb" influx can be 
calculated from V,'^ , «„к and the V
m
„ found for K* 
uptake This value appeared to be approximately twice 
K
m k Additionally K, N l l 4 was calculated and it was 
much higher than the K
m
 value found for NHJ uptake 
bv L buolor (Tab 1) 
Discussion 
The present study shows that at concentrations up to 
250 μΛί the concentration dependence of NHJ uptake in 
the mycorrhizal fungi examined is described by a single 
Michaelis Menten equation This points to the involve­
ment of a single-site carrier in NH4* uptake of these 
fungi This is in agreement with the findings for NHJ 
transport in various fungi with K
m
 values ranging from 
0 25 to « 0 μΜ (Kleiner 1981) In Saccharomyces cere-
visiac a low affinity system for NH4* (K
m
 = 20 μΜ) may 
also be involved (Dubois and Grenson 1979) The K
m 
for NHj uptake by L bicolor is of the same order of 
magnitude while K
m
 values for L rufus and L hepaticus 
are somewhat higher In Hebeloma crustulmtforme. an 
ectomycorrhi/al fungus isolated from Douglas fir, NH4* 
uptake followed Michaelis-Menten kinetics at low NHJ 
concentrations with a V„,SI of 5 2 цтоі (g dry weight) ' 
mm ' at pH 5 8 (Liltke et al 1984) This value greatly 
exceeds the V
miI for NHJ uptake by the fungi in the 
present study Possibly, the difference might be attri­
buted to differences in conditions, such as medium pH 
Physiol P l j n l Bl 1991 
Generally the NH., carriers in fungi are dercpressible 
under conditions of nitrogen starvation (Kleiner 1981) 
Except for specific NHJ translocation systems, the K* 
earner may also be involved in the translocation of 
NHJ Conway and Duggan (1958) showed that NHJ 
competitively inhibits K* uptake in S cerevistae, NHJ 
has a 5-fold lower affinity for the carrier than has K* 
However direct evidence that NHJ is also translocated 
by this system has not been provided to our knowledge 
A third way by which NHJ may enter the cell is via 
diffusion in its deprotonated form (NH,) However, at 
the low pH used diffusion of NH, would be of minor 
importance (Kleiner 1981) 
Transport of K* by fungi has been studied intensively 
for S cerevistae (Borst-Pauwels 1981) Uptake of the 
monovalent cations proceeds via the K* carrier, which 
consists of a multi-site carrier system At least two sites 
are involved in the initial binding of the cations before 
they are transported across the membrane The uptake 
is further complicated by the fact that both the surface 
potential and the membrane potential influence the ap­
parent affinity of the ions for the earner Furthermore. 
the maximal rate of uptake depends upon cell pH The 
cellular K* concentration also effects the kinetic param 
eters of transport (Boxman et al 1985, Ramos and 
Rodríguez-Navarro 1986) This is also true for plant 
roots Glass (1976) proposed that K* influx in plants 
roots is regulated via allostenc inhibition of the K* 
carrier by internal K* (see also Siddiqi and Glass 1982) 
In Neurospora crassa a multi site carrier is also in 
volved (Slayman and Slayman 1970) It is uncertain 
whether this is true for other fungi Rather it is likely 
that in other fungi surface potential, membrane poten-
tial and cell pH are also involved Therefore we have to 
be cautious in interpreting differences in Km for K* 
transport for the 3 ectomycorrhizal fungi studied as 
resulting from differences in earner properties 
The present study shows a significant increase by 
NHJ in the Km for K* uptake by L bicolor An increase 
in K„ is also found for Rb* uptake by the ectomycorrhi-
zal fungus Rhizopogon luteolus (Boxman et al 1986) 
We should be cautious in interpreting the effect of NHJ 
on the Km for K* transport as being due to competitive 
inhibition of K* uptake by NHJ There arc no indica-
tions that NHJ is translocated in L bicolor by means of 
the K* carrier The Km for NHJ uptake is much lower 
than the apparent inhibition constant for NHJ calcu-
lated according to a competition model of K* uptake bv 
NHJ (Tab 1) When NHJ, besides via the NHJ carrier 
is also translocated via the K* carrier one would expect 
a concave deviation in the Hofstee plot (Hofstee 1952) 
However, there are no indications for a dual transport 
mechanism for NHJ in the range of NHJ concentrations 
used by us Possibly the increase in Krl for K* uptake 
may be due to depolarization of the plasma membrane 
caused by the added NHJ, instead of to competitive 
inhibition Such a depolarization has been reported for 
algae and N crassa (Kleiner 1981) In S cerevistae a 
28 
depolarization of the plasma membrane leads to an 
increase in the K
m
 for Rb + and T l + uptake (Borst 
Pauwels et al 1971 Roomans and Borst Pauwels 1977) 
It is also unlikely that ΝΗ4* uptake by L rufus proceeds 
via a dual mechanism of which the second translocation 
process consists of the transport via the K* carrier In 
the case of L hepaltcus a contribution of NH4* uptake 
with a K
m
 of 2 mM cannot be excluded However under 
physiological conditions such a contribution would be 
negligible 
Lacearía bicolor and L rufus originated from a Dou 
glas fir stand at Kootwijk Mean concentrations of NHÍ 
and K* in soil water at 10 cm was 364 \iM and 56 μΜ 
respectively (Van der Maas and Pape 1991) Both NH^ 
and K* concentrations decreased with depth At these 
relatively low K' concentrations an appreciable effect 
of NHJ on the K* uptake might be expected The 
decrease in K* uptake depends upon the species of the 
ectomycorrhizal fungi concerned An extra supply of K+ 
may overcome the effect of N H j 
Besides an immediate effect upon the influx of K* 
NH1 may also affect K* uptake after prolonged in­
cubation (ι e 30-60 min) We did not examine this 
secondary effect Possibh it is due to a change in cell 
pH 
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Abstract 
Soil acidification and Al toxicity may be important factors in the decline in vitality of many forest trees 
and the associated ectomycorrhizal fungal flora In this study, effects of low pH and high Al 
concentrations were investigated on both growth and K~ uptake by three Douglas-fir ectomycorrhizal 
fungi in solution culture In growth experiments, Lactanus rufus and Lactanus hepaticus appeared to be 
tolerant to low pH but sensitive to AI In contrast, Lacearía bicolor exhibited high Al tolerance and 
high sensitivity to acidification Al toxicity in both Lactanus isolates was alleviated by an increase in the 
orthophosphate concentration from 20 to 120 μΜ, whereas it was not influenced by an increase in Ca 
concentration Elevation of the Mg concentration alleviated Al toxicity in Lactanus rufus, but not in 
Lactanus hepaticus, although growth was stimulated in this fungus 
Net K* uptake by a 2-week-old (log phase) mycelium was determined as function of both Al and 
medium pH, at a K* concentration of 100 μΜ The fungal speaes each exhibited specific pH optima 
for K* uptake At pHs below 4, K* uptake rate was decreased in each species High Al concentrations 
severely inhibited K* uptake m Lactanus hepaticus, but not in the other species 
Introduction 
High deposition rates of NH, and NHJ on poor­
ly buffered sandy soils may induce soil acidifica­
tion and thereby high concentrations of dissolved 
Al (Van Breemen and Van Dijk, 1988) Both 
acidification and high Al3* concentrations in the 
soil solution may be important factors in the 
decreasing vitality of forests Many species of 
ectomycorrhizal fungi in these forests are also 
declining (Arnolds, 1988) Since Ulnch (1981) 
postulated that Al in the soil solution may be a 
primary factor in forest decline, many forest tree 
species have been screened for Al sensitivity in 
solution culture (Andersson, 1988) 
Ectomycorrhizal trees often show better 
growth and improved resistance against un­
favourable conditions than non-mycorrhizal trees 
(Harley and Smith, 1983) Information about the 
influence of mycorrhizas on the response of trees 
to low pH and high Al concentrations is scarce 
and can not be generalized (Gumming and 
Weinstein, 1990, Entry et al , 1987, Jentschke et 
al 1991, Jones et al., 1986) This could be partly 
dependent on the fungal partner involved in the 
association. Ectomycorrhizal fungi exhibit dif­
ferential response to Al (Thompson and Medve, 
1984) which was also found with heavy metals 
(Jones and Hutchinson, 1988, Jongbloed and 
Borst-Pauwels, 1990a) 
Al may induce deficiency of nutrients like Ca, 
Mg. Ρ and К in plants (Andersson 1988) High 
concentrations of these nutnents are reported to 
reduce Al toxicity (Alva et al , 1986a. b Κιη-
32 
Jongbloed and Borst-Pauwels 
raide and Parker. 1987) Both stimulated (Gum-
ming et al . 1985, Lindberg, 1990) and reduced 
(Pettersson and Stnd, 1989) K* uptake in the 
presence of Al has been reported Uptake of K+ 
by trees is enhanced by inoculation with 
ectomycorrhizal fungi (Boxman and Roelofs, 
1988, Rygiewicz and Bledsoe, 1984) but informa-
tion about the influence of mycorrhizas on the 
effects of Al and pH upon K+ uptake is lacking 
The first objective of this paper was to investi-
gate the effect of various Al concentrations and 
pH in the nutrient medium on the growth of 
three ectomycorrhizal fungi. Lacearía bicolor, 
Lactanus rufus and Lactanus hepancus, originat-
ing from Douglas-fir stands Whether raised con-
centrations of Ca Mg and phosphate could alle-
viate Al toxicity was also examined The second 
objective was to investigate whether K* uptake 
by these fungi is affected by both 'acid rain' 
factors 
Materials and methods 
Ectomycorrhizal fungi and growth conditions 
Lacearía bicolor (Maire) PD Orton, Lactanus 
rufus (Scop ) Fr and Lactanus hepancus Plowr 
ap Boud were obtained from Dr A E Jansen 
(Wagemngen Agricultural University, The 
Netherlands) These isolates onginated from 
Douglas-fir (Pseudotsuga menziesu (Mirb ) 
Franco) stands The fungi were cultivated on 
MMN (modified Melin-Norkrans) medium 
(Marx. 1969) 
Growth experiments 
The effect of the pH on growth was determined 
by growing the fungi for 4 weeks in liquid 1/4-
strength MMN medium containing BgL' 1 of 
malt extract at different pHs The pH was kept 
constant by a 10 mM citnc acid/Tns buffer at pH 
values ranging from 2 0 to 7 0 Erlenmeyers 
were filled with 80 mL nutnent medium and 
inoculated with 2 mycelial plugs from actively 
growing fungal cultures on agar plates The liq-
uid cultures were incubated at about 22°C on a 
rotary shaker at 95 r ρ m in the dark 
For the Al growth experiments liquid 1/4-
strength MMN medium was also used However, 
the solution was not buffered in order to avoid a 
reduction in Al-ions by formation of complexes 
between citrate and Al Furthermore, the phos­
phate consentration was lowered in order to pre­
vent precipitation of insoluble aluminium phos­
phate and to reduce the complexing of phos­
phate with Al (Alva et al , 1986b, Lindsay, 
1979) ΚΗ,ΡΟ., was replaced by an equivalent 
amount of KCl Furthermore, 1 5 g L" instead 
of 3gL~' of the malt extract (Difco), which 
contains some orthophosphate, was applied The 
nutnent medium contained {μ-Μ) Ca"' 85, 
Mg2 + 152, Fe 3 " 11, N B ; 946, К* 918, Na* 107, 
SOj" 152, CL" 2174 and 10 g L"1 glucose and 
1 5 g L - 1 malt extract containing 20 μΜ Η,ΡΟ^ 
(after sterilisation) A1C1, was added from a 
stenle stock solution at appropnate Al concen­
trations (0, 30, 100, 300 and 1000 μ M) In 
studies of the effect of Ca, Mg and phosphate 
upon Al toxicity, CaCIj, MgCl2 or KH 2 P0 4 were 
added from stenle stock solutions to the nutnent 
solution at final concentrations of 1 mM Ca, 
I m M Mg and 120 μ,Μ Η 2 Ρ 0 7 , respectively 
The pH was adjusted to 3 5 with stenle diluted 
HCl. This pH value is near the average pH value 
in the upper 20 cm soil layer of a Douglas-fir 
stand at Kootwijk, The Netherlands, where 
Lacearía bicolor and Lactanus rufus onginated 
from (Van der Maas and Pape, 1991) The 500-
mL Erlenmeyers containing 200 mL of the ap-
propnate solution were inoculated with three 
mycelial plugs of 6-mm in diameter and grown 
for 28 days at 220C On day 15 and 22 the 
solutions were renewed in order to prevent ex-
treme medium acidification and phosphate de-
pletion The maximal acidification was 0 52, 
0 31, 0 38 pH units in Lacearía bicolor, Lactanus 
rufus and Lactanus hepaticus, respectively This 
acidification was independent of the Al concen-
tration In none of the treatments did depletion 
of H2P07 occur The minimal H ^ O J medium 
concentrations amounted to 3, 6 and 6 μ M in 
cultures of Lacearía bicolor, Lactanus rufus and 
Lactanus hepancus, respectively In order to be 
sure than no Al was precipitated total Al concen-
trations in the liquid media were analyzed by 
inductive!} coupled plasma emission spectros-
copy (ICP) Thev were found to be within 10% 
of intended levels, indicating that eventual pre-
33 
Effects of Al and pH on ectomycorrhizal fungi 
cipitation was of minor importance. Speciation 
of Al was calculated with the TITRATOR com­
puter program and the formation constants given 
by Lindsay (1979) and Nordstrom and May 
(1989). Al was mainly present as Al3". In low-P 
medium (20 μΜ Ρ) and high-P medium 
(120 μΜ Ρ) approximately 80% and 68% of 
total Al, respectively, was present as Al3+. Dry 
weights of the mycelia were determined after 
drying at 105oC for 24 h. 
K* uptake experiments 
Liquid cultures containing 6 mycelial plugs in 
200 mL liquid 1/4-strength MMN medium were 
grown for 14 days (logarithmic growth phase). 
With mycelia of that age the highest K~ accumu­
lation rates were found. The mycelia were rinsed 
and kept for 24 h in aerated medium containing 
100 μΜ CaCl2, 100 μΜ MgS04, 1% glucose 
(w/v), buffered with 5mM citric acid/Tris at 
pH 4.0. Subsequently, the mycelia were rinsed in 
fresh medium and transferred to the same 
medium supplemented with 100 μ.\t KCl (4 
mycelial spheres/30 mL). This K+ concentration 
is of the order of magnitude of the K+ concen­
tration occurring in nutrient-poor forest soil solu­
tions in The Netherlands. In studies of the effect 
of the pH on K* uptake we transferred the 
mycelia to media also buffered with 5 mM citric 
acid/Tris, but of variable pH. In the experiment 
where the effect of Al was studied the mycelia 
were transferred to buffer-free medium in order 
to prevent complexing between Al and citrate. 
Al was added as A1C1,. The temperature was 
controlled at 20°C and air was bubbled through 
the incubation medium. According to Harley 
and Wilson (1959) and Edmonds et al. (1976) 
these factors prevent K+ loss in beech mycor-
rhizas. 
At regular time intervals during the incuba­
tion. samples were taken from the medium and 
the K+ concentrations were determined by flame 
spectrophotometry. The K* uptake at successive 
intervals of time was calculated from the changes 
in K* concentration, the volume of the solution 
and the dry weight of the mycelium. 
Statistics 
Differences between treatments were statistically 




Figure 1 shows that biomass production in Lac­
tarias rufus and Lactarius hepaticus was optimal 
in the pH range 2.5-4.3 and 3.0-4.3, respective­
ly. Growth of these fungi was severely inhibited 
at pH 5.2, whereas it was virtually completely 
inhibited at pH6.1 and higher and also at 
pH2.0. In Lacearía bicolor biomass production 
was optimal at pH5.2 and decreased gradually 
on lowering the pH to 3.0, and sharply on lower-
ing the pH further. At pH 6.1 and 7.0 dry weight 
yield of this fungus was still 68% and 21%, 
respectively, of the dry weight yield found at 
optimal pH. 
Figure 2 shows that Lactarius rufus and Lac-
tarius hepaticus were much more sensitive to Al 
than Lacearía bicolor. Dry weight production of 
Lactarius hepaticus was severely impaired at 
100 μ M Al and was completely stopped at 300 
and 1000 μΜ Al. However, a pronounced stimu-
4 5 6 
Medium pH 
Fig. ¡. The pH dependence of the dry weight production of 
Lacearía bicolor ( · ) . Lactarius rufus (A) and Lactarius 
hepaticus (O). The fungi were grown for 4 weeks in buffered 
liquid MMN medium (1/4-strength). Means ( iSE) of three 
samples: each sample consists of two mycelial spheres. 
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Fig 2. The effect of Al on the dry weight production of 
Laccano bicolor ( · ) , Lacianus rufus (A) and Laaanus 
hepancus (О) in liquid low-P medium. Growth penod was 28 
days. Means (±SE) of an expenment in triplicate. 
lation occurred at 30 μ,Μ Al. Dry weight pro­
duction of Lactarius rufus was about 50% re­
duced at 30 μ M AI and completely inhibited at 
1000 μ M Al. Dry weight production of Lacearía 
bicolor was not significantly affected in the Al 
concentration range applied. 
An increase in the concentrations of Ca did 
not significantly influence the dry weight yield of 
the three fungi, neither in the absence nor in the 
presence of Al (Table 1). The Mg-treatment 
significantly stimulated growth of Lactarius 
hepaticus both in the absence of Al and at 
100 μΜ Al. However, the relative growth reduc­
tion of this fungus caused by addition of 100 μΜ 
Al was not significantly changed by addition of 
extra Mg. Growth of Lactarius rufus was signifi­
cantly stimulated by Mg only in the presence of 
Al. 
Al tolerance of both Lactarius species was 
much higher in the presence of 120 μΜ Η,ΡΟ^ 
(high-P) than in the presence of 20 μ M HUPO; 
(low-P). In Lactarius rufus the Al-induced 
growth reduction was greatly reduced on increas­
ing the phosphate concentration, whereas in 
Lactarius hepaticus even a stimulation of growth 
was found. On the other hand increasing the 
phosphate concentration did not influence the 
sensitivity of Lacearía bicolor to 300 μ M Al, 
while it significantly stimulated the dry weight 
production at 100 μΜ. 
The surface appearance of the mycelial 
spheres of Lacearía bicolor changed drastically 
by exposure to Al. When Al was absent or 
present at 30 μΜ Al, the surface structure of 
Lacearía bicolor was loose and fluffy. With in-
creasing AI concentrations this structure gradual-
ly changed to a more smooth and compact sur-
face, thereby reducing the contact with the 
Table ¡. Effect of addition of various nutnents on the dry weight production (mg) of three cctoimcorrhizal fungi grown in liquid 
1/4-strength medium (low-P) in the absence and the presence of 100 or 300 μΜ Al. Additions none (control), 915 μΜ Ca, 
848 μΜ Mg and 100 μΜ H.PO'. Initial pH was 3.5. Growth penod was 28 days. Means ± SE. percentage of control in 
parentheses Expenment in Inplicate. For each fungal species, within each column, values diffenng significantly from the control 
value (no Al added) are marked with astensks, * = p < 0 . 1 . " = p < 0 05 Within each row. underlined values are significantly 















48 1 ± 1 2(100) 
51.0±43(106) 
38.3±5 3 (80) 
1 9 0 ± 2 . l ( l 0 0 ) 
4.0±0.1 ( 2 1 ) " 
2 0 ± 0 . 3 ( 1 1 ) " 
7 6 ± 1.4(100) 
2.7 ±0.4 ( 3 6 ) " 
0 0 (0)»» 
+Ca 
51.5 ±4.3 (100) 
54.4 ±1.8 (106) 
37.0±0 4 ( 7 2 ) " 
18.3 ±1.3 (100) 
3 9 ± 0 5 ( 2 1 ) " 
2.2 ± 0 3 ( 1 2 ) " 
7.4 ± 0 8(100) 
3.3 ±0.4 ( 4 5 ) " 
0.0 ( 0 ) " 
+ Mg 
50 2 ±2.4 (100) 
55.4 ±6.2 (110) 
37.7 ±2.0 (75)·" 
18.5 ±1.2(100) 
5 5 ± 0 4 ( 3 0 ) " 
3.3 ± 0 2 ( 1 8 ) " 
34.2 ±2.2 (100) 
6 8 ± 1 8 ( 2 0 ) " 
0 0 (О)"" 
+Phosphate 
58 1 ± 4 4(100) 
6 8 8 ± 1 6 ( 1 1 8 ) ' 
43.1 ± 1 6 ( 7 4 ) " 
19.9 ± 2 1(100) 
13 6 ± 1 0 (68)· 
12.0±0 7 ( 6 0 ) " 
12.2 ± 4 2 (100) 
35 2 ± 1 6 (289)" 
18 8 ± 0 2(154) 
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medium. The mycelia of both Lactarius species 
exhibited a smooth compact surface, both in the 
presence and the absence of Al. 
К* uptake experiments 
For the three fungi net K* uptake rates were 
calculated for the time intervals where the up­
take rates were constant, namely 1, 2 and 2 h for 
Lacearía bicolor, Lactarius rufus and Lactarius 
hepáticas, respectively. Optimal K* uptake was 
found in the pH range 4.0-6.0, 4.0-5.0, and at 
pH5.0 for Lacearía bicolor, Lactarius rufus and 
Lactarius hepaticus, respectively (Fig. 3). 
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Fig. 3 The pH dependence of the К ' uptake rate in Lac-
carta bicolor ( # ) , Lactarias rufus (•) and Lactanus 
hepaticus (O). Means of two samples, each sample consists of 
two mycelial spheres. Uptake rates refer to the penod in 
which the rates of uptake were initially constant. K* was 
applied in a concentration of 100 μΜ. 
Table 2. Effect of Al on net K* uptake 
(μmol g dry »eight"' h"') by three ectomycorrhizal fungi. 
K" was applied at a concentration of 100 μΜ. Means (±SD) 
of an experiment in duplicate 
ΑΙ ( μ M ) Lacearía bicolor Laciarius rufus Lactarius hepaticus 
0 2 7 . 7 ± a j 
300 20.3 ± 2.4 
1000 23.5 £ 2.6 
re.4±i.3 
19 4 ±0.6 
18.7 ±2.3 
7 .5±0 3 
3.3 ±1.0 
3.7 ±0.8 
was still maximal at pH 6.0 the other species 
showed a net К * loss at that pH. 
Aluminium at 300 and 1000 ßM did not affect 
net K* uptake rates in Lactarius rufus, but great-
ly reduced net K* uptake in Lactarius hepaticus 
(Table 2). In Lacearía bicolor a small reduction 
in net K+ uptake was found at 300 μΜ Al. 
Discussion 
For the interpretation of effects of Al and pH 
upon ion transport in mycorrhizal fungi one 
should have a good knowledge about the kinetics 
of ion transport in these organisms. Unfortunate­
ly this kind of knowledge is rather poor. On the 
other hand ion transport in yeast (predominantly 
Saccharomyces ceievisiae) is studied intensively. 
The kinetics of ion transport in yeast may be 
quite complicated (for a review see Borst-
Pauwels, 1981 ). Generally deviations from Mich-
aelis-Menten kinetics come to the fore. Only on 
applying limited ranges of cation concentrations 
can single Michaelis-Menten kinetics be applied 
by approximation. The K
m
's for monovalent ca­
tion uptake still depend upon the cell pH and the 
surface potential in a rather complicated way. 
Furthermore maximal rates of uptake of both K+ 
and phosphate vary with the cell pH. It is likely 
that in mycorrhizal fungi at least part of these 
complicating factors play a role. 
Taking into account the complications of ion 
transport it is quite important to carry out trans­
port and growth experiments under well defined 
conditions with avoidance of possible additional 
complicating factors. With isolated fungi one 
may control experimental conditions better than 
when carrying out experiments with trees infect­
ed with mycorrhizal fungi even under laboratory 
conditions. In experiments carried out in soil the 
problem arises that the pH near the roots may 
differ from the bulk pH and also differences in 
pH along root zones may exist (Gijsman, 1990). 
Furthermore, complications, such as the translo­
cation of ions from fungus to roots or the energy 
supply of the mycorrhizas by the tree, are avoid­
ed in studies with isolated fungi. 
On the other hand one should be cautious and 
not extrapolate results of axenic screening of 
ectomycorrhizal fungi to the symbiotic organisms 
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under ñeld conditions Jones and Hutchinson 
(1986. 1988) showed that the copper tolerance of 
Betuia papyrtfera Marsh seedlings was increased 
bv copper-tolerant ectomycorrhizal fungi, but 
that nickel tolerance was not increased by nickel-
tolerant fungi Furthermore, Thompson and 
Medve (1984) found high variation in Al toler-
ance of ectomycorrhizal fungal species but no 
correlation with the occurrence of these species 
on acid soils with high Al concentrations Entry 
et al (1987) did not find differences in the pH 
response of vanous tree-fungus associations, 
w hereas the same isolated fungi showed a signifi-
cant difference in pH sensitivity (Hung and 
Trappe 1983) Colpaert and Van Assche (1987) 
observed that the zinc and copper tolerance of 
isolates of ectomycorrhizal fungi from sites pol-
luted with these metals was higher than that of 
isolates of the same species from unpolluted 
sites Therefore one should take care to isolate 
the fungi from the same field in which the occur-
rence or development of ectomycorrhizal fungi is 
followed 
Both Lactarias species are more acidophilic 
than Lacearía bicolor showing a rather broad 
optimum pH range for biomass production This 
is in accordance with earlier findings for the 
same fungi grown on solid nutnent medium in-
stead of grown in liquid medium (Jongbloed and 
Borst-Pauwels, 1990b) In that case dry weight 
yield of Lactarium ru f us. Lactarias hepaticus and 
Lacearía bicolor was optimal in the pH intervals 
2 7-4 5. 3 1-4 5 and 3 9-6 6, respectively At 
pH 3 0 Lacearía bicolor still had a higher growth 
production than both Lactartus species in liquid 
medium but not in solid medium 
The pH dependence of growth and K~ uptake 
are rather similar but not identical The pH 
optima for biomass production are lower than 
those found for K~ uptake The decrease in 
biomass production at high pH is probably not 
due to a limitation in K~ supply because the K+ 
uptake rate is less sensitive to high pH than 
growth 
Both competition of K' and protons for the 
transport sites and a reduction in the negative 
surface potential may be involved m the decrease 
in K' uptake rates at the low pH (Borst-
Pauwels. 1981) The decrease in K" uptake rate 
at high pH found with Lactartus rufus and Lac-
tartus hepaticus may be due to a decrease m 
maximal rate of Rb* uptake (Theuvenet et al , 
1977) 
Generally, soil acidification leads to an in-
crease in freely available Al in the soil water, 
which may be harmful for trees Soil moisture 
composition of a Douglas-fir stand at Kootwijk, 
where Lacearía bicolor and Lactartus rufus origi-
nated from, was monitored by Van der Maas and 
Pape (1991). At soil depths of 10, 20 and 60 cm 
mean pH values were 3 38, 3 48 and 3 96, re-
spectively, and mean concentrations of total Al 
were 292, 623 and 1590 μ.Λ#, respectively, m 
March 1990, whereas orthophosphate concen­
trations are 10 and 5 μ M at depths of 10 and 
20 cm, respectively In this soil type Al3* is the 
main ionic form of the dissolved Al (Mulder et 
al , 1987). Our studies show that at low phos­
phate concentrations two of the three ectomycor­
rhizal fungi examined are sensitive to Al concen­
trations which may come to the fore in the soil 
Growth reduction can be greatly diminished or 
even reversed by addition of extra phosphate 
This indicates that part of the AI effects are due 
to the complexing of phosphate, by which phos 
phate becomes growth limiting in the presence of 
Al On the other hand it is not likely that 
alleviation of the Al effects by phosphate is due 
to a decrease in effective Al concentration 
caused by complexing or precipitation of Al in 
the presence of phosphate, since no detectable 
precipitation has been found by us, and complex­
ing may decrease the Al concentration by only 3 
and 17% in low-P and high-P medium respec­
tively Possibly, Al gives rise to an increase in Ρ 
uptake Kamminga-Van Wijk (1991) reported 
that exposure to 500 μΜ Al increased the Ρ 
contents of both fungal tissue and plant tissue of 
mvcorrhizal Douglas-fir seedlings grown in solu­
tion culture In Lactartus rufus we also found an 
increase in Ρ uptake by Al, but not in the two 
other fungi (Jongbloed et al . 1992 ) The in­
creased Ρ uptake may be ascribed to a reduction 
in the negative surface potential (Theuvenet and 
Borst-Pauwels, 1976a) 
Thompson and Medve (1984) found in studies 
carried out in a solid high phosphate (3 67 mM 
Ρ) medium a far lower sensitivity for Al than we 
observed in liquid low-P medium Aluminium 
concentrations at which diameter growth was 
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reduced by 50% were 2.8, 2.8, above 18.5, 3.3, 
3.7, and 1.7 mM for Thelephora terrestris 
(Ehrhart and Fries), Cenoccum graniforme 
(Sowerby) Ferdinand and Winge, Suillus luteus 
(Linaeus: Fries) Gray and the Pisolithus tin-
ctorius (Persoon) Coker and Couch isolates 210, 
230 and 250, respectively. This apparent low 
sensitivity should be ascribed to binding of Al to 
the solid agar medium (Gadd, 1983) and the 
high Ρ content. At comparable conditions, but 
with only 20 μΜ Ρ, the half-value concentration 
for Lactarias hepáticas was 10 mM Al, whereas 
diameter growth of Lacearía bicolor and Lac-
tarius rufus was reduced to only 96 and 90%, 
respectively at 10 mM Al (data not shown). 
Solidified agar medium is useful in qualitative 
studies of metal tolerance but quantitative results 
are only reliable when the biological significant 
concentration of the metal is known (Gadd, 
1983). This proved to be impossible in case of Al 
and therefore we have chosen to use liquid 
medium. 
Growth of Lactarias hepáticas could be stimu-
lated by addition of Al. A beneficial growth 
effect of low Al concentrations has also been 
reported in plant species (Foy et al., 1978), 
including Douglas-fir (Kamminga-Van Wijk, 
1991; Keitjens and Van Loenen, 1989). 
Aluminium is not considered as a nutrient for 
growth. However, Al may protect the fungi 
against a low pH. Entry et al.(1987) found better 
ectomycorrhizal formation in Abies balsamea 
(L.) Mill, seedlings at pH 3 in the presence of AI 
than in the absence of Al. At pH 4 the reverse 
was true. Furthermore, Al inhibited root growth 
at pH 4 and 5 but not at pH 3 which also points 
to an interaction between pH and Al effects. 
Jones et al. (1986) found that raising the Al 
concentration stimulated root dry weight and 
ectomycorrhizal formation in jack pine (Pinus 
banksiana Lamb.) seedlings, but only when the 
Ca concentration was also raised. However, we 
have no indications for a synergistic effect. 
In trees (Andersson, 1988), including mycor-
rhizal ones (Jentschke et al., 1991; Kamminga-
Van Wijk, 1991), Al causes a decrease in Ca and 
Mg content, indicating that one of the causes of 
growth impairment by Al may be a shortage of 
divalent cations in the cells. In the alleviation of 
Al toxicity by Ca and Mg (Alva et al., 1986a; 
Kinraide and Parker, 1987; Rost-Siebert, 1983) 
both a restoration of divalent cation uptake and 
a reduction in Al influx into the cells may be 
involved. In our experiments, however, increas-
ing the Ca concentration does not lead to such 
an alleviation. On the other hand, Mg increases 
the Al-tolerance in Lactarias rufus, which may 
indicate that part of the toxicity of Al should be 
ascribed to a reduced uptake of Mg2+. Remark-
ably, in Lactarias hepáticas, which is very sensi-
tive to a reduction in Mg, increasing the Mg 
concentration does not significantly influence the 
relative effect of Al, indicating that Al does not 
interfere with Mg uptake in this organism. 
In Lactarias hepáticas Al reduces K+ uptake, 
which may contribute to the reduction in growth 
rate. The decrease in K* uptake may be due to a 
reduction in the negative surface potential of this 
fungus by Al. Reduction of the surface potential 
of yeast leads to an increase in K,,, (concen-
tration at which the rate of uptake is half-maxi-
mal) for Rb+ uptake and by this to a decrease in 
the rate of uptake, whereas the maximal rate of 
uptake (V,,,,,) is virtually unaffected (Theuvenet 
and Borst-Pauwels, 1976b). The lack of an ap-
preciable effect of Al upon the K+ uptake by the 
two other fungi may be ascribed to the fact that 
the Kjn's of these fungi are much lower, namely 
24 and 18 μ,Μ for Lacearía bicolor and Lactarias 
rufus, respectively, whereas the K,,, for Lactarias 
hepáticas amounts to 96 μΜ (Jongbloed et al., 
1991 ). 
In conclusion, the three ectomycorrhizal fungi 
exhibit differential response to both low pH and 
high Al concentrations. In Dutch Douglas-fir 
stands, soil acidification and concomitantly in­
creased Al concentrations reach values of which 
the fungi in liquid culture are affected. 
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CHAPTER 5 
THE EFFECT OF ALUMINIUM ON PHOSPHATE UPTAKE 
BY THREE ISOLATED ECTOMYCORRHIZAL FUNGI 
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Plant and Sou (1992, m press) 
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The effect of aluminium on phosphate uptake by three 
isolated ectomycorrhizal fungi 
Key words: aluminium, ectomycorrhizal fungi, kinetics, Laccana bicolor, Lactanus 
hepaticus, Lactanus rufus, liquid culture, Ρ uptake 
Abstract 
Three ectomycorrhizal fungi, Laccana bicolor, Lactanus hepaticus and Lactanus ru­
fus, were grown in liquid medium for 2 weeks and used in short-term phosphate (P) 
uptake studies. At phosphate concentrations ranging from 1 to 100 μΜ the fungi ex­
hibited a single affinity phase. The kinetic parameters for Ρ uptake differed between 
the species with the K
m
 varying from 1.5 to 13.1 μΜ. The V
moa
; also depended on 
the buffer that was applied. 
Ρ uptake by the fungi was severely reduced by aluminium (Al). This could be 
ascribed mainly to the complexing of phosphate by Al3"1". Correcting for this decrease 
in phosphate concentration, the Ρ uptake by both Lactanus hepaticus and Laccana 
bicolor was only slightly inhibited by Al, while Ρ uptake by Lactanus rufus was even 
stimulated. The latter may be attributed to a reduction in the surface potential 
caused by the trivalent Al cation, which in turn increases the concentration of the 
negatively charged phosphate ion in the near-membrane region. 
Introduction 
Mycorrhizal trees often show better growth than non-mycorrhizal trees under condi­
tions of phosphate (P) stress (Bougher et al., 1990; Kamminga-van Wijk and Prins, 
1988). Bieleski (1973) hypothesized that enhancement of Ρ uptake by mycorrhizas is 
mainly the result of an increase in surface area available for Ρ absorption. Besides 
this the ability to utilize Ρ from insoluble salts may be increased (Gumming and 
Weinstein, 1990b). Furthermore, Cress et al. (1979) showed that mycorrhizal tomato 
roots have a higher affinity for Ρ uptake, which also may contribute to a higher rate 
of Ρ uptake in mycorrhizal roots. 
Acidification of forest soils leads to elevated Al concentrations that may damage 
tree roots giving rise to a reduced vitality of trees (Ulrich, 1981). One of the main 
effects of Al on phosphate in the soil solution is that the freely available phosphate 
concentration will decrease due to the complexing Diphosphate with Al3 +. Therefore 
roots with a low K
m
 (concentration at which the rate of uptake is half-maximal) for 
Ρ uptake will be less sensitive towards Al than roots with a relatively high K
m
. Since 
mycorrhizal roots may have a higher affinity for phosphate than nonmycorrhizal roots, 
these roots may show a higher tolerance towards Al (Andersson, 1988; Gumming and 
Weinstein, 1990a,b; Foy et al., 1978). 
Modulation of Al effects by mycorrhizas probably depends on the fungal species 
involved. A high degree of variation in Al sensitivity has been found by us among 
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three ectomycorrhizal fungi isolated from Douglas-fir (Jongbloed and Borst-Pauwels, 
1992). Both Lacianus rufus and Lactarius hepaticus appeared to be very sensitive 
towards Al, whereas Laccano, bicolor exhibited a high Al tolerance. Furthermore 
elevation of the phosphate concentration alleviated the Al toxicity in these fungi. 
This is a common finding with many plant species (Andersson, 1988) indicating that 
high concentrations of Al lead to an apparent phosphate deficiency. 
The mechanisms by which Al may interfere with uptake or metabolism of phos­
phate are complex and may differ between plant species (Bengtsson et al., 1988; 
Gumming et al., 1986). Besides a decrease in the freely available phosphate due to 
the complexing of phosphate with Al3 + causing a decrease in Ρ uptake, alterations 
in Ρ metabolism may also be involved (Pettersson et al., 1988). On the other hand, 
Al may also lead to a stimulation of Ρ uptake due to a reduction of the normally 
negative surface potential of the cells involved (Roomans and Borst-Pauwels, 1979; 
Theuvenet and Borst-Pauwels, 1976). 
In this study the kinetic parameters of Ρ uptake in Lacearía bicolor, Lactarius 
rufus and Lactarius hepaticus were determined at phosphate concentrations ranging 
from 1 to 100 μΜ. Furthermore we investigated the effect of Al added as AICI3 upon 
the Ρ uptake at 5 μΜ phosphate in order to examine whether a correlation exists 
between the sensitivity of the fungi to Al and the effect of Al upon Ρ uptake. The 
phosphate concentration of 5 μΜ is an approximation of the phosphate concentration 
in the upper soil layers of the Douglas-fir stands from which the fungi were originally 
isolated (Van der Maas and Pape, 1991). 
Materials and M e t h o d s 
Cultures of Lacearía bicolor (Maire) P.D. Orton, Lactarius rufus (Scop.) Fr. and 
Lactarius hepaticus Plowr. ap. Boud. were provided by Dr. Α.E. Jansen (Department 
of Phytopathology, Agricultural University at Wageningen). Mycelium for inoculation 
was cultured on modified Melin Norkrans (MMN) agar (Marx, 1969). For the uptake 
experiments mycelium was cultured in liquid MMN medium at one- fourth strength 
omitting P. Also the content of malt extract (Difco) was lowered from 3 to 1.5 g L 1 
in order to reduce the phosphate concentration. After sterilization of the medium the 
Ρ concentration appeared to be approximately 20 μΜ. Erlenmeyers (500-mL) were 
filled with 200 ml of the nutrient medium and inoculated with eight mycelial plugs 
of 6 mm in diameter. The cultures were grown for 14±1 days on a rotary shaker 
at ±22°С in the dark. Then the mycelial spheres were washed and preincubated in 
aerated medium consisting of: 1% (w/v) glucose, 100 μΜ СаСІз, 100 μΜ MgS04 
and 1 mM citric acid/Tris pH 4.0, for 2 days. Ρ uptake was determined in media of 
the same composition as the preincubation medium. Non-metabolic Ρ uptake which 
probably consists of absorption in the so-called 'apparent free space' was measured 
in an incubation medium were the glucose was replaced by 5 mM 2-deoxy-D-glucose 
(DOG) and 15 μΜ antimycin-A and incubated anaerobically. DOG is phosphorylated 
in the cell but is not further metabolized. Antimycin-A, an inhibitor of respiration, 
was added in order to minimize further aerobic metabolism, which was already greatly 
reduced by using N2 instead of air. KH2PO4 was added at concentrations ranging 
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from 1 to 100 μΜ together with radioactive Нз 3 2 Р04. The mycelia were washed in 
fresh preincubation medium and incubated in tubes with 10 mL incubation media at 
20oC, under aeration. 
The time course of Ρ uptake was calculated from changes in the concentrations of 
phosphate in the medium. At regular time intervals 200-μ1 samples were taken and 
analysed for 3 2 P by liquid scintillation 
In the experiments where the effect of the external phosphate concentration and 
the effect of Al on Ρ uptake was studied the accumulation of 3 2 P in the mycelia was 
determined. After 60 min incubation, mycelia were desorbed in a medium containing 
100 μΜ СаСЬ, 100 μΜ MgS04 and 1000 μΜ KH2PO4 at 4°С for 5 min. 
In studies of the effects of Al upon Ρ uptake a potassium hydrogen phthalate 
buffer (1 mM) was applied instead of a citric acid/Tris buffer and Al was added as 
AICI3. Al-speciation was calculated by the computer program TITRATOR (Cabaniss, 
1987) using association constants from Lindsay (1979). Association constants for the 
complexes between Al and phosphate or Al and phthalate were taken from Nordstrom 
and May (1989). 
Differences between treatments were statistically evaluated at ρ <0.05 with the 
Student's t-test. 
Results 
The absorption of phosphate by the ectomycorrhizal fungus Lacearía bicolor was 
higher in the presence of glucose (glucose medium) than in the presence of DOG and 
antimycin-A (DOG medium) (Fig. 1). In the glucose medium the rate of phosphate 
absorption was about constant in the first hour. The metabolically dependent com-
ponent of the Ρ uptake was calculated as the difference between the accumulation 
of phosphate in the DOG treatment and the glucose treatment. Prcincubating the 
mycelia for 2 d in the absence of phosphate enhanced the rate of active phosphate 
uptake in the glucose medium 2.7 times. Consequently, further experiments were 
conducted with mycelia preincubated for 2 d in the absence of phosphate and in the 
presence of glucose after which Ρ uptake was determined after 1 h incubation with 
phosphate. 
For the fungi examined the dependence of the Ρ uptake on phosphate concen­
trations ranging from 1 to 100 μΜ is shown in Fig. 2 The Ρ uptake exhibited 
Michaelis-Menten behaviour allowing linear regression analysis on the data according 
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where ν is uptake rate; s is phosphate concentration; V
max
 is the maximal rate of 
uptake and K
m
 is the concentration that gives rise to an uptake rate that is half-
maximal. In the presence of phthalate buffer all species exhibited a significantly 
lower V
m a
j. for Ρ uptake than in the presence of citrate buffer (Table 1). The K
m
 for 
Ρ uptake was not significantly affected by the type of buffer. In both buffers the K
m 
increased in the order: Lacearía bicolor, Lactarius hepaticus, Lactarius rufas. Both 
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Fig 1 Ettect oi letabohs« and preincubation of tbe 
fungal lycelia vithout phosphate upon tbe tine course 
oi Ρ uptake by U c a n i bicolor it an initial 
phosphate concentration of 20 uK ( · ο Ι 50 іЛ glucose 
* air bubbling through the lediui. ( A u ) 5 вЯ DOS and 
15 uN antiiycin-t t Id bubbling Closed syibols 
preincubation «itbout phosphite for 2 days open 
syibols no preincubation applied Values are teins of 
three replicates t SE 
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Fig 2 Hotstee plots of active aerobic Ρ uptake by 
Ucc bicolor [lì, Uct rufas il) and Uct be/aticus 
(C) detemined in 1 »A citr ic acid/Tris ( 0 1 or 1 id 
phthalate/Tm ( · ) at pH 3 95 The uptake rates were 
corrected for non-Betabolic uptake deter«md in the 
presence of 5 nN DOS and 15 Λ antmycin-l vitti Nj 
bubbling ν is the uptake after one hour incubation 
ï i th phosphate and j represents the concentratios of 
phosphate in the eediim The fungal нуcelia vere 
preincubated for 2 days in the absence of added 
phosphate Values are leans of 5 replicates 
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Lactarius species exhibited a much higher Vmaa. than Lacearía bicolor, especially in 
the phthalate buffer. 
The effect of Al added as AICI3 on Ρ uptake was determined at 5 μΜ phosphate 
in 1 mM phthalate buffer. We did not study effects of Al in citrate buffer because 
citrate has a large affinity to Al3 +. With phthalate, complexing of Al was much less. 
The metabolically independent Ρ uptake being determined anaerobically in the 
presence of 5 mM DOG and 15 μΜ AA, appeared to be virtually independent of the 
Al concentration up to 1 mM Al (data not shown). This uptake was subtracted from 
the uptake of phosphate found after one h in the presence of glucose and under aerobic 
conditions. The difference, representing the metabolically dependent Ρ uptake, was 
severely reduced by Al (Fig. 3). The inhibitory effect of Al was greatest in Lactar­
ius hepahcus and about equal in Lacearía bicolor and Lactarius rufus. In Lacearía 
bicolor, Ρ uptake was not significantly affected by Al concentrations up to 100 μΜ. 
At 30 μΜ Al, Ρ uptake was not significantly decreased in both Lactarius rufus and 
Lactarius hepahcus. 
In order to examine whether the inhibitory effects of Al upon Ρ uptake by the 
three fungi may be attributed to a reduction in the freely available phosphate in the 
medium the concentrations of the various complexes of Al with anions (phosphate, 
phthalate, sulfate and hydroxyl) were calculated. It appeared that at the highest Al 
concentration applied (1 mM) 61% of the Al was in the Al3+-form, 7.3% was present 
as Al(phthalate)+ and 1.5% as Al(phthalate)2~. Apparently the buffer capacity of 
the phthalate buffer was not much affected by Al since the maximal reduction in 
phthalate concentrations was relatively low. The fraction of free Al3 * appeared to be 
independent of the total amount of Al added, that means that the Al3 + concentration 
WEIS proportional to the total Al. 
We also calculated the effect of Al in the phthalate buffer upon the complexing 
of phosphate in a5 μΜρΙιοερΙ^ίε solution. The H2PO4 - concentration was greatly 
reduced by addition of Al (Fig. 4). At 1 mM Al this reduction amounted to 89%. The 
decrease in НгРО,! - concentration was mainly due to the formation of A1HP04 + . 
Figure 5 shows the effect of Al on the Ρ uptake rate after correcting for the Al 
induced decrease in Ρ concentration. A significant inhibition of Ρ uptake is still found 
in Lactarius hepahcus and Lacearía bicolor, while Ρ uptake in Lactarius rufus was 
significantly stimulated. In the three fungi the Al effect increased with increasing Al 
concentration. 
Discussion 
The characterization of the active Ρ uptake in the mycelia of the fungi examined by us 
is complicated by the relatively high absorption of phosphate in the presence of DOG 
and antimycin-A, which increases linearly with phosphate concentrations up to 100 
μΜ. This non-metabolic uptake may be ascribed to absorption of 3 2 P in the apparent 
free space, being not removed completely by rinsing the mycelia with medium contain­
ing 1 mM phosphate. One may also consider that this absorption represents a second 
Ρ uptake system with a high K
m
, which may be unaffected by treatment with DOG 
and antimycin-A. This system may be comparable with the one in the germ tubes of 
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Fig 3 Effect of » OD active aerobic Ρ uptake by 
Uu bicolor (o), Uct ruins (·) and 
Uct hepiticiis (A) at ao iDitial pbospbate 
conceotratioD of 5 μΚ il 1 i* pbtbalate/Tns buffer of 
pU 3 M Corrections for nou-ietabolic Ρ uptake bave 
been applied, see lurtber subscript to Fig 2 ТЪе 
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Fig i. Effect of Al OD Ρ uptake by Lice bicolor 
(Ol. liet. re/us ( · | a od Ucl bepttim (Д) after 
application of a correctiou for lie decrease in HjPO,-
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the vesicular-arbuscular (VA) mycorrhizal fungus Gigaspora margarita (Thomson et 
al., 1990). They showed that carbonyl cyanide m-chlorophenylhydrazone (СССР), an 
uncoupler of oxidative phosphorylation, reduced the high-affinity Ρ uptake by about 
60%, while it did not affect the low-affinity Ρ uptake system with a K
m
 of 10.2 to 
11.3 mM, indicating that the low affinity uptake consisted of a passive translocation 
process. Whether this also applies to the fungi examined by us is doubtful. The fact 
that Al does not affect the passive absorption of phosphate does not support the view 
of a secondary high K
m
 passive Ρ uptake. Such an uptake would be expected to be 
reduced seriously, because Al decreases the freely available phosphate. 
The active Ρ uptake in Lacearía bicolor is enhanced by preincubating the cells in 
the absence of added phosphate for 2 d. A similar phenomenon has been found by 
Leggett (19C1) for Ρ uptake in yeast. He showed that the so-called high affinity phos­
phate transport system of yeast with a K
m
 of about 10 μΜ is induced on incubating 
the cells in the absence of phosphate with a suitable metabolizable substrate. 
The similarity between Ρ uptake in yeast and in the ectomycorrhizal fungi studied 
by us was also demonstrated by our studies of the concentration dependence of Ρ 
uptake carried out in the relatively low phosphate concentration range (1 to 100 μΜ 
Ρ). Under these conditions the three fungi exhibited single Michaelis- Menten kinetics 
with K
m
s of the order of magnitude of 10 μΜ. These K
m
s differed slightly for the 
various species. As well as in yeast, K
m
 values of this order of magnitude, which 
are ascribed to a high affinity phosphate carrier, have been found in saprophytic 
fungi (Cairney et al., 1988; Clipson et al., 1987), endomycorrhizal fungi (Straker and 
Mitchell, 1987; Thomson et al., 1990) and Neurospora crassa, excised plant roots and 
excised mycorrhizas (Beever and Burns. 1980). 
For the study of the interaction of Al with Ρ uptake we used a phthalate buffer, 
because association of its anion with Al3 + is relatively low (Gumming et al., 1986). It 
appeared that both the K
m
 and the V
m a l for Ρ uptake were lowered in the presence 
of phthalate as compared to the values found with the citrate buffer. However, at the 
5% probability level, this effect WEIS only significant for the V
m o l . Possibly phthalic 
acid is able to penetrate the cells which would lead to an acidification of the cells. In 
yeast the kinetics of Ρ uptake strongly depend upon the cell pH. Under conditions 
when this pH is relatively low, namely at low external pH, a decrease in cell pH 
leads to a concomitant decrease in K
m
 and
 т а і
 for Ρ uptake (Borst-Pauwels and 
Peters, 1977). If this is also true for the fungi examined by us the differences in K
m 
found for the three fungi should not necessarily be ascribed to differences in affinity 
of phosphate for the carriers involved but may reflect differences in cell pH. A low K
m 
for Ρ uptake would then point to a low cell pH. In accordance with this hypothesis, 
the sensitivity of the three fungi to low external pH is maximal in Lacearía bicolor 
and minimal in Lactanus rufus (Jongbloed and Borst-Pauwels, 1991). 
As will be shown elsewhere, (Jongbloed and Borst-Pauwels, 1992) growth of both 
Lactanus rufus and Lactanus hepahcus is severely inhibited at relatively low Al 
concentrations, while Lacearía bicolor exhibits a high Al tolerance. The present study 
shows that Ρ uptake in the three fungi is greatly reduced by Al with the largest effect 
on Lactanus hepahcus. The sensitivity towards Al can not be simply attributed 
to a reduction in Ρ uptake, because in the Al-tolerant Lacearía bicolor and the Al-
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sensitive Lactarius rufas the Al- induced reductions in Ρ uptake were comparable. 
The formation of aluminium phosphate complexes will lower Ρ uptake via a de­
crease in Н г Р О , ! - concentration. It is to be expected that the decrease in Ρ uptake 
rate is higher when the K
m
 is higher. This is, however, not confirmed by our results. 
Ρ uptake in Lactarms rufus has the highest K
m
, while this uptake is reduced to a 
lesser extent by Al as compared with Lactarius hepahcus. 
Besides the effect of Al upon the phosphate concentration in the medium another 
effect of Al may also play a role in the interaction of Al with Ρ uptake. The con­
centration of phosphate near the plasma membranes of the cells is normally different 
from t h a t in the bulk aqueous phase. This is due to the fact that most biological 
membranes bear a net negative charge by which anions like Ι ^ Ρ Ο , ι - will be repelled. 
Polyvalent cations will reduce the surface potential effectively both by screening the 
negative charge and by binding to the negatively charged groups on the cell mem­
brane (McLaughlin, 1977). In yeast, polyvalent cations are able to stimulate Ρ uptake 
by reducing the negative surface potential (Roomans and Borst-Pauwels, 1979). On 
correcting Ρ uptake for chelation of phosphate by ΑΙ, Ρ uptake in Lactarius rufus 
appeared to be stimulated. This stimulation may be due to a reduction in the surface 
potential or even to a reverse in charge due to binding of A l 3 + to negatively charged 
groups on the cell membrane. The absence of stimulation of Ρ uptake in the two 
other fungi even after correcting for the decrease in freely available phosphate in the 
medium may be due to an additional inhibitory effect of Al upon Ρ uptake, which 
is compensating the expected stimulation due to a reduction in the negative surface 
potential Furthermore, the effects of a reduction in the surface potential will be 
maximal at phosphate concentrations far below the K
m
 for Ρ uptake (Theuvenet and 
Borst-Pauwels, 1976), that means that Lacearía bicolor would not be very sensitive to 
changes in the surface potential at the relatively high phosphate concentration being 
applied, whereas Lactarius hepahcus would be less sensitive than Lactarius rufus. 
In conclusion, our experiments show that Ρ uptake at 5 μΜ phosphate is greatly 
reduced by Al for the three ectomycorrhizal fungi examined by us. This effect is 
mainly due to complexation Diphosphate with Al. In accordance with our findings the 
toxic effects of Al upon the fungi are alleviated by addition of phosphate (Jongbloed 
and Borst-Pauwels, 1992). 
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S U M M A R Y 
Three ectomycorrhizal fungi originating from Pseudotsuga menziesii 
plantations were exposed to cadmium (Cd) concentrations up to 10 μΜ. 
Lacearía bicolor and Lactarius hepaticus showed a much higher 
sensitivity to Cd than Lactarius rufus. At 1 μΜ Cd, reductions in radial 
growth and in dry weight production were 91 % and 95% in L. bicolor, 
100% and 100% in L. hepaticus ana 14% and 8% in L. rufus, 
respectively. Cadmium increased the lag time of radial growth in 
L. bicolor but not in the other fungi examined. 
Key-words: cadmium; ectomycorrhizal fungi, growth. Lacearía bicolor, 
Lactarius hepaticus, Lactarius rufus. 
I N T R O D U C T I O N 
Heavy metal tolerance in mycorrhizal trees is influenced by the ectomycorrhizal fungi 
involved in the symbiotic association (Brown & Wilkins 1985a; Jones & Hutchinson 
1986). DifTerential response among isolated ectomycorrhizal fungi is reported for several 
heavy metals (Brown & Wilkins 1985b; Colpaert & van Assche 1987; Jones & Hutchinson 
1988) including cadmium (Cd) (McCreight & Schroeder 1982). Although the Cd content 
of forest soils is generally extremely low, accumulation of Cd occurs in the vicinity of 
traffic and certain industrial activity and may reach toxic concentrations in the future 
(Zöttl 1985), additionally, soil acidification will increase the solubility of Cd. 
This work is part of a study on the effects of acid rain factors on ectomycorrhizal 
fungi of Douglas-firs and has the present objective of determining the effect of Cd 
on biomass growth and radial growth of three selected ectomycorrhizal fungi of the 
Douglas-fir. 
M A T E R I A L S AND M E T H O D S 
Three ectomycorrhizal fungi were isolated from fruitbodies in Douglas-fir (Pseudotsuga 
menziesii (Mirb.) Franco) plantations in The Netherlands by A. E. Jansen (Department of 
Phytopathology, Agricultural University Wageningen). Lacearía bicolor (R. Mre.) Orlon 
and Lactarius rufus (Scop.) Fr. originated from Kootwijk and Lactarius hepaticus Plowr. 
ap. Boud. originated from Amerongen. At these sites contamination by Cd was low. 
Determination of Cd content in the litter layer of soil samples from Kootwijk and 
'To whom correspondence should be addressed. 
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Amerongen showed 0-81 and 0-87 mg Cd per kg dry matter, respectively (Kleijn et al. 
1989). However, in the soil solution of the mineral layers beneath the litter Cd was not or 
was rarely detectable. Mycelial cultures of the fungi used as inoculum for the growth 
experiments were grown on MMN (modified Melin-Norkrans) agar (Marx 1969) which 
contained 10 g D-glucose, 3g malt extract (Difco), 0-2 g NH4CI (instead of 0-25 g 
(NH4),HP04), 0-5gKH2PO4, 015gMgSO 4, SOmgCaCl,, 12mgFeCl„ 25 mg NaCl. 
0-1 mg thiamine-HCl, 15 g bacto-agar (Difco) and distilled water to 1 litre. 
In the growth experiments a 10 т м succinic acid/Tris buffer (pH 40) was applied to the 
nutrient medium. We chose pH 40 for carrying out our experiments because at lower pH 
values growth of L. bicolor was reduced severely, whereas growth of the two other more 
acidophilic fungi was still appreciable at this pH. The pH of the habitat from which the 
fungi were originating ranged from pH 3 to 4 (Kleijn et al. 1989). 
In the solid medium growth experiment, Petri dishes were filled with 20 ml of the MMN 
agar medium and CdCl2 was added from a sterile slock solution to obtain Cd concen­
trations of 0, 0· 1, 0-5, 1 and 10 μΜ. Each plate was inoculated with a 6-mm plug from the 
edge of a fungal colony and incubated at room temperature ( ± 22 C) in the dark. Colony 
diameters were determined several times during the growth period. After that, the fungal 
dry weights were determined. The colonies were cut out of the media and autoclaved in 
water at 120°C in order to dissolve the agar. Then they were filtered on pre-wcighed filters, 
dried at 105ÜC for 24 h and weighed. 
For L. bicolor Cd sensitivity was also tested on liquid medium. This medium had the 
same composition as the solid one with omittance of the agar. After sterilization, 100 ml 
Erlenmeyer flasks with 40 ml of nutrient solution were cooled to room temperature. Then 
CdCl, was added to give the same concentrations as in the solid medium experiment. Each 
flask was inoculated with one mycelial plug and shaken continuously on a rotary shaker at 
95 r.p.m. at room temperature in the dark. During the growth period of 31 days the 
nutrient solutions were not renewed. The colonies formed submerged spheres of mycelia 
and the dry weights were determined after rinsing in distilled water and drying at 105 С for 
24 h. 
Both the solid medium and the liquid medium experiments were carried out in triplicate. 
R E S U L T S 
The radial growth of the ectomycorrhizal fungi was clearly reduced by Cd (Fig. 1). Both 
L. bicolor and L. hepaticus appeared to be far more sensitive to Cd than L. rufus. 
L. hepaticus especially, was very intolerant to Cd, showing no growth at all above 0-5 цм 
Cd. This fungus showed almost constant radial growth after a lag period of 10 days. The 
lag period was defined as the time until growth was visible. The growth rates were reduced 
by 38 and 85% at 0-1 and 0-5 μΜ Cd, respectively. With A. bicolor a lag period in growth 
was also found. Contrary to L. hepaticus this lag period was small or even absent in the 
absence of Cd and increased with increasing Cd concentrations up to 10 μΜ. In the case of 
L. bicolor we stopped growth at 31 days instead of at 45 days, because in an orientating 
experiment it was found that radial growth in the absence of Cd became reduced after 31 
days, whereas growth in the presence of Cd still persisted up to 45 days with a constant 
rate. Therefore, extending the experiment to 45 days would lead to an under-estimation of 
the effect of Cd on final growth. The radial growth rates were reduced relative to the 
control by 3, 30, 80 and 90% at 0-1, 0-5, 1 and 10 μΜ Cd, respectively. L. rufus was 
the most Cd-tolerant fungus examined. Cadmium did not affect radial growth during the 
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20 30 
Time (days) 
Fig. 1. Growth curves of Lacearía bicolor (a), Lactarius rufus (b) and ¡Mctanus hepaticus (c) on buffered solid 
MMN medium at various cadmium concentrations (О)ОцмСа, (Δ) ОТ μмCd, (D)0·5μмCd, ( · ) I цмСгі, 
(•) ΙΟμΜ Cd The medium was buffered with Ю т м succinic acid/Tris at pH 40. Results are means of an 
experiment in triplicate. Standard errors of the mean are maximum al I 2 and are not included in the figure. 
first 17 days; then radial growth showed a transient reduction, but recovered completely at 
concentrations up to 1 μΜ Cd. Only at 10 μΜ Cd did a small reduction in the growth rate 
persist, amounting to 30% of the control value. 
Figure 2 shows that dry weight production of L. bicolor at the end of the growth period 
was slightly but significantly increased by addition of 01 μΜ Cd without a concomitant 
stimulation of radial growth. Further increase in the Cd concentration led to a sharp 
reduction in both radial growth and dry weight production. The reductions in dry weight 
production exceeded that of radial growth. On the other hand, reductions in dry weight 
found with the two Lactarius spp. were less severe than those found for radial growth. This 
was especially apparent for L. hepaticus. L. rufus showed a slight stimulation of dry weight 
production at 0· 1 μΜ Cd just as was found for L. bicolor. 
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Cadmium ( / IM) (log scale) 
Fig. 2. Radial growth (a) and biomass production (b) of Lacearía bicolor ( + ), Laclarius rufus ( V ) and Lacianw: 
hepaticus ( χ ), after growth on buffered solid MMN medium at various cadmium concentrations Growth 
period was 31 days for Lacearía bicolor ana 45 days for both Laclarius spp. Results are means of an experiment in 
triplicate. Standard errors of the mean are maximum at 3% for both radial growth and dry weight production 
and are not included in the figure. 
To examine whether the presence of agar in the solid medium reduced the free Cd 
concentration appreciably we made a comparison between the effect of Cd in buffered 
liquid medium and buffered solid medium on the growth of L. bicolor. Table 1 shows that 
the reproducibility in liquid medium is lower than in the solid medium. The average SEM 
are five times higher in the liquid medium than in the solid medium. This may be the reason 
that no significant stimulation of growth was found at 0· 1 μΜ Cd in the liquid medium. At 
both 0-5 and 1 μΜ Cd, growth was reduced significantly less in liquid medium than in solid 
medium, whereas at 10 μΜ Cd the reverse was found. 
D I S C U S S I O N 
Comparison of the various fungi as far as their sensitivity to Cd is concerned is compli­
cated by the fact that the time dependence of the effect of Cd upon radial growth is quite 
different for the three species examined. With L. hepaticus the lag period of growth is 
independent of the Cd concentration whereas with L. bicolor the lag period increases with 
Cd concentrations up to 10 μΜ. The latter may indicate that L. bicolor is very sensitive to 
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Table 1. Comparison of biomass production of Lacearía bicolor 
after 31 days of growth in buffered liquid MMN medium 








Dry weight (% 
Liquid medium 
1 0 0 0 ± 4 0 
1000 + 75 
286 + 55 
87 + 22 
0 9 + 05 
of control) 
Solid medium (agar) 
100 0 + 0 6 
105 2 + 1 9 
1 5 2 + 1 0 
50 + 0 4 
2 1+0 1 
Results are means + SEM of an experiment in triplicate 
Cd and that initially at Cd concentrations of 0-5 цм and higher, growth is impaired 
completely After about 24 days, growth is resumed though still with a reduced rate, the 
extent of which depends upon the Cd concentration. This recovery of growth may be due 
to an adaption of the cells to Cd developed during the lag period (Trevors et al 1986) 
With L rufut yet another time dependence is found Apparently growth is initially 
unhampered by Cd Only after a lag period of 17 days is a small but significant, more or 
less transient, inhibition of radial growth by Cd found 
In accordance with the findings of McCreight & Schroeder (1982) a great variation in 
Cd sensitivity among ectomycorrhizal fungi was found Our experiments showed that the 
growth of two of the three ectomycorrhizal fungi in nutrient media was already reduced 
more than 50% at the relatively low Cd concentration of 0 5 μΜ 
It has to be considered that Cd toxicity is influenced by the physicochemical character­
istics of any environment (Gadd & Griffiths 1978). In our media a Tns/succinate buflfer 
was applied The buffer anion binds some Cd This binding, however, is relatively small, as 
shown by В G F Kessels in our laboratory using a Cd selectrode. At pH 4 0 binding of Cd 
b> succinate amounts to approximately 5% 
There were no great differences between the effect of Cd on biomass production in solid 
medium and liquid medium This indicates that eventual binding of Cd to the solid 
medium (Gadd 1983) is small and is not affecting the apparent sensitivity to Cd appreci­
ably The absence of an appreciable binding of Cd to the agar is probably due to the low 
pH applied by us 
In the solid medium at 0 1 цм Cd, a small stimulatory effect on the dry weight produc­
tion of L bicolor occurs Growth stimulation at sub-inhibitory concentrations of toxic 
agents including Cd, so called 'hormesis', is a well known phenomenon (Stebbing 1982) 
Interaction of Cd with fungi not only depends upon the free Cd concentration but also 
upon the presence of other cations or anions in the medium (Trevors et al 1986) This is a 
complication in extrapolating m-vitro growth response to field situations. As far as cations 
are concerned, Ca generally decreases the Cd toxicity, whereas Mg has no or less effect 
(Babich & Stotzky 1981, Abel & Barlocher 1984, Kesselsera/ 1985) 
The high level of Cd sensitivity of L bicolor and L hepaticum may be a consequence of 
the low Cd content of the site from which they originate Verkleij & Prast (1989) reported 
Cd tolerance in populations oí Silene vM/^anj(Moench ) Garke originating from heavily 
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Cd contaminated sites and Cd intolerance in a population from an uncontaminated site 
The same phenomenon was also observed for several ectomycorrhizal fungi with respect 
to zinc and copper tolerance (Colpaert & van Assche 1987) 
In Cd-contaminated soils the vitality of the host tree and the ectomycorrhizal formation 
may be affected more or less, depending on the fungal species involved This may lead to a 
selection for the most resistant species However, prediction of Cd toxicity on natural sites 
is difficult, even for soils with a high content of Cd, due to the variation in fixation capacity 
for heavy metals among different soil types (Zottl 1985) 
Our study shows that ectomycorrhizal fungi may be very sensitive to Cd and that large 
differences exist between this sensitivity for various species L rufus may be well suited as 
an ectomycorrhizal fungus for trees in highly Cd-contaminated soil 
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In The Netherlands the potential acid loads of forest soils are high and are largely 
due to an extremely high rate of (N114)2804 deposition. As a consequence changes in 
the soil chemical composition may occur like increased concentrations of ammonium, 
aluminium, cadmium and a decrease in pH (Van Breemen et al. 1982). These so-
called soil chemical factors may influence each other. E.g. nitrification leads to soil 
acidification which in turn leads to an increase in the freely available Al of the soil 
water. Therefore studying the acid rain factors in the field is not very suitable for 
answering the question to what extent each separate factor contributes to the forest 
damage. Experiments carried out in the laboratory under well defined conditions 
are much more suitable for this purpose. This especially refers to water culture 
experiments, in which the pH can be kept constant and the concentrations of all 
solutes are known. 
In this thesis the sensitivity of three isolated ectomycorrhizal fungi of Douglas-fir 
to several chemical soil factors was studied by exposure of the fungi to NH44 , Al 
(mainly Al31 ) and Cd2"1" in nutrient medium and by varying the pH ofthat medium. 
Generally ion uptake and growth of trees is enhanced when the roots are associated 
with ectomycorrhizal fungi. Therefore uptake of NH4 + , K+ and phosphate by the 
fungi has received special attention. 
Parallel with our study Kamminga-Van Wijk (1991) examined the effects of NH4 ' , 
Al and pH on Douglas-fir seedlings in hydroculture, not inoculated or inoculated with 
Lacearía bicolor. Development of the mycorrhizas may be differently effected by the 
chemical factors than growth of the isolated fungi in water culture. Furthermore in-
direct effects due to changes in the interaction of host and fungus may be involved. A 
serious drawback in studies with mycorrhizal trees is that it is quite difficult to distin-
guish between uptake in the mycorrhizal fungus and uptake in the roots. Furthermore 
one should be cautious on comparing the results of both studies because of differences 
in experimental conditions. Douglas-fir seedlings were grown on hydroculture with 
low nutrient concentrations in which every hour nutrients were added according to 
the Vxponentionally increasing nutrient addition system'. This was done in order to 
mimic natural growing conditions. The level of nutrient concentrations was very crit-
ical for mycorrhizal formation between Lacearía bicolor and Douglas-fir. Mycorrhizal 
formation was optimal at very low and limiting nutrient concentrations. However, my-
corrhizas function the best in the concentration range between the limiting nutrient 
conditions and the high nutrient conditions. 
In this discussion we will refer to the results of Kamminga-Van Wijk (1991) when 
appropriate. 
Effects of soil chemical factors on growth 
It is well known that NH4+ is an excellent nitrogen source for ectomycorrhizal fungi 
(Lundeberg 1970). Nutrient media for these fungi usually contain NI^"1", sometimes 
in combination with ХОз~. Lacearía bicolor grows well on NOs" but it prefers NH4 *" 
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when both NH4+ and NO3 - are available (own unpublished results). Lactanus rufus 
and Lactanus hepahcus are even unable to use NOs". The response of the fungi to 
elevated І Щ"1" concentrations is described in chapter 2. Biomass production of the 
fungi is stimulated, while radial growth is either unaffected or slightly reduced by 
high NH44" concentrations provided that the pH is maintained constant. Thus NH4 + 
has a fertilizing effect with no toxic effects even at relatively high concentrations. 
Apparently the fungi are able to prevent a harmful internal acidification, which as 
outlined in chapter 1 may occur during assimilation of NH4 + . This ability seems to be 
specific for ectomycorrhizal fungi and tree species (Plassard et al. 1991). Accordingly 
Kamminga-Van Wijk (1991) found that growth of both mycorrhizal and nonmycor-
rhizal Douglas-fir was not affected by NH44" as the sole N source. On the other hand 
Gijsman (1991) found just the opposite with the same (nonmycorrhizal) tree species 
grown on soil. 
Apparently both partners involved in mycorrhizal formation are insensitive to rela­
tive high NH4+ doses. Still mycorrhizal formation between trees and ectomycorrhizal 
fungi is reduced by NH4+ fertilization (Termorshuizen 1990) and by a high deposition 
rate of NH44" on the soil (Jansen and De Vries 1988). Termorshuizen (1990) hypoth­
esized that mycorrhizal formation is inhibited when an increase in uptake of N is not 
accompanied by an increase in transport of carbohydrates from the host tree to the 
fungi and that such conditions may be favoured by air pollution via a decrease in the 
rate of photosynthesis. A shortage of carbohydrates is not likely to occur in isolated 
ectomycorrhizal fungi grown in a nutrient medium supplied with glucose which may 
explain the insensitivity of the fungi to high NH4+ concentrations as we have found. 
However, a reduction in the rate of photosynthesis caused by air pollution is not likely 
to be the only cause for the reduction in mycorrhizal formation with Douglas-fir, since 
Kamminga-Van Wijk (1991) found a decrease in mycorrhizal formation under labo­
ratory conditions where air pollution can be ruled out. As pointed out above there 
are indications that the mycorrhizas compete with the trees for the available organic 
substances originating from the trees. Possibly NH4+ fertilization leads to a decrease 
in available organic substrate and thereby to a decrease in mycorrhizal formation. 
Though as outlined above no appreciable direct effects of ammonium on tree de­
velopment are expected still indirect effects due to an accompanying acidification of 
the soil during uptake of NH4+ may come to the fore. Wben the medium is not or 
only slightly buffered NH4+ assimilation gives rise to an acidification ofthat medium, 
which in turn may affect growth of the fungi. In order to obtain insight in such side 
effects of NH4+ we studied the pH dependence of fungal growth, see chapter 2 and 
4. Dry weight production has been determined as a function of pH both in liquid 
medium and on solid agar medium, whereas the effect of pH on radial growth is stud­
ied only on agar. The effect of pH on biomass production is roughly the same in the 
two inedia except for Lacearía bicolor which shows a much higher sensitivity to pH 
above 6 in liquid medium than on solid medium. Radial growth is more sensitive to 
acidification than dry matter production. It appeared that the fungi exhibit a con-
siderable variation in response to medium pH. The sensitivity of the fungi to acidity 
increases in the order Lactanus rufus, Lactanus hepahcus, Lacearía bicolor. In soil 
solutions of Dutch Douglas-fir stands the mean pH is around 3.5. In liquid culture 
65 
this pH value is optimal for growth of both Lactamus species, but not for growth 
of Lacearía bicolor, which shows an optimum at pH 5. Kamminga-Van Wijk (1991) 
found that growth of Douglas-fir and its mycorrhizal formation with Lacearía bicolor 
were slightly reduced at pH 3.2 as compared with pH 4.5. It seems that growth of the 
fungus is more sensitive to acid conditions than the tree. The decrease in mycorrhizal 
formation observed at low pH may be due to either a reduction in fungal growth or 
a decrease in nutrient supply from the tree. 
Aluminium in the nutrient medium is detrimental to both Lactanus rufus and 
Lactarias hepahcus at the relatively low concentrations of 30 and 100 μΜ, respectively. 
In contrast, biomass production of Lacearía bicolor is not significantly inhibited at 
Al concentrations up to 1 mM (chapter 4). However, the surface appearance of the 
mycelium of this fungus changed drastically under influence of Al. Kamminga-Van 
Wijk (1991) found that growth of nonmycorrhizal Douglas-fir is stimulated by Al 
concentrations below 0.5 mM and inhibited above 0.5 mM with the most pronounced 
effects on the shooth weight. Mycorrhizal formation with Lacearía bicolor appeared 
to be reduced at 0.5 mM Al. The decrease in mycorrhizal formation may be due to 
either a reduction in nutrient supply from the shoot or a direct impairment of radial 
mycelial growth by interaction with Al. Furthermore Kamminga-Van Wijk (1991) 
found indications that mycorrhization counteracted effects of Al on the plants to a 
certain extent. In the fungal mycelium of the mycorrhizal plants Al contents were 
much higher than in the host tissue. Possibly mycorrhizas protect the host against 
Al by sequestering Al. 
Under natural conditions also effects of Al on Douglas-fir, fungus and mycorrhizal 
formation may be expected. However, the composition of the soil solution may also 
determine the extent to which Al affects tree or fungal growth. In chapter 4 it is 
shown that an increase in the phosphate concentration alleviates Al toxicity in both 
Lactanus species and an increase in the Mg concentration alleviates Al toxicity in 
Lactanus rufus. In the light of our findings one may consider whether Al toxicity 
under natural conditions can be alleviated by an extra supply of phosphate and/or 
Mg. 
Generally concentrations of cadmium in the soil solution are extremely low but 
may soon reach a toxic level by an on-going deposition of cadmium together with soil 
acidification. In chapter 6 the three ectomycorrhizal fungi are screened for cadmium 
sensitivity. With growth reductions over 50% at 0.5 μΜ cadmium in nutrient solution, 
Laccana bicolor and Lactanus hepahcus showed a much higher sensitivity to cadmium 
than Lactarms rufus. The fungi also differed in the type of response to cadmium. 
It is unknown whether at present Cd toxicity is a contributing factor in the decline 
of forests and mycorrhizal flora in The Netherlands. One of the reasons is that 
information about C d 2 + concentrations in forest soil solutions is very scarce. 
The uptake mechanisms of NH4 + , K+ and phosphate 
From the literature it is known that some mycorrhizas enhance inorganic ion uptake 
in the host tree while others do not. This may be due to differences in the kinetics of 
ion uptake of the fungal species involved in these mycorrhizas. Kamminga-Van Wijk 
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(1991) did not detect differences between mycorrhizal and nonmycorrhizal Douglas-fir 
concerning the kinetic parameters for NH4+ uptake. However, she stressed that this 
might have been due to the fact that the development of the mycorrhizas passed the 
optimal stage at the time of determination. 
In the low concentration range uptake of NH4 + , K+ and phosphate in the ecto-
mycorrhizal fungi can be described by single Michaelis- Menten kinetics (chapter 3 
and 5). For all ions there is considerable variation among Lacearía bicolor, Lactarius 
rufus and Lactarius hepahcus in the kinetic parameters. The Km for NH4+ uptake 
of Lacearía bicolor is much lower than those for both Lactarius species, while it is of 
the same order of magnitude as the Km of various other fungi (Kleiner 1981). The 
Km for K+ uptake is high in Lactarius hepahcus compared with both other fungi. 
The Km values for Ρ uptake in the ectomycorrhizal fungi are of the same order of 
magnitude as those of many species of plants, fungi and excised mycorrhizal roots 
(Beever and Burns 1980). As already outlined in the general introduction (chapter 1) 
the value of the K
m
 for ion uptake is quite important in connection with effects due 
to a reduction of the negative surface potential caused by polyvalent cations, see also 
the next paragraph. 
Effect of acid rain factors on uptake of K + and phosphate 
It is often reported that an increase in the availability of NH4+ may lead to deficiency 
of nutrients including K + in plant cells. In the soil of the Douglas-fir stand from 
which the Lacearía bicolor strain of the present study originates K+ concentrations 
arc quite low and NH4+ concentrations are so high (Van der Maas and Pape 1991) 
that an inhibitory effect of NH44" on K+ uptake may be realistic. Therefore the effect 
of addition of 100 μΜ NH4+ on the kinetic parameters of K + uptake is examined 
(chapter 3). Only with Lacearía bicolor a significant increase in Km for K+ uptake 
is found. We have argued that this may be ascribed to depolarization of the plasma 
membrane rather than to a competition between NH4 ' and K+ for the binding sites 
of the K+ carrier. 
In all three fungi K+ uptake is inhibited at pH values below 4 (chapter 4). There 
are several possibilities for the reductions in K+ uptake at low medium pH. In yeast 
protons inhibit cation uptake by competition for the same carrier sites and by a 
reduction of the negative surface potential (Theuvenet 1978). On the other hand a 
low medium pH may lead to an acidification of the cells, which in turn gives rise to 
an increase in the maximal rate of cation uptake counteracting the direct effects of 
medium acidification. 
K+ uptake by Lactarius hepaticus at 100 μΜ is severely inhibited by Al (chapter 
4). This effect may be ascribed to a reduction of the negative surface potential. 
In yeast addition of polyvalent cations reduces the surface potential resulting in an 
increase in K^ for Rb + (K-1-) uptake (Theuvenet and Borst-Pauwels 1976). Since the 
К
т
 for K + uptake in Lactarius hepaticus is relatively high an increase in K
m
 due to 
a reduction in the surface potential will lead to a decrease in the rate of К l uptake. 
In Lacearía bicolor and Lactarius rufus Al may have reduced the surface potential, as 
well, but the Km values for K+ uptake in these fungi are much lower than in Lactarius 
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hepaticus. Therefore the absence of an effect of Al upon K + uptake at 100 μΜ K + 
does not necessarily mean that the surface potential is unaffected. 
The results of the study presented in chapter 4 lead to the suggestion that Al 
interferes with either Ρ uptake or Ρ metabolism. In chapter 5 experiments are de­
scribed in which the effect of Al on Ρ uptake in the fungi is investigated. In all three 
fungi Ρ uptake at a concentration of 5 μΜ is greatly reduced by Al concentrations 
up to 1 mM. This effect is mainly due to complexation of Ρ with Al. The freely 
available Ρ for Ρ uptake is thereby lowered by Al. When a correction is applied for 
complexation of Ρ with ΑΙ, Ρ uptake is only slightly reduced in Laccano, bicolor and 
Lactarms hepaticus. In contrast, Ρ uptake in Lactanus rufus is stimulated by Al. 
This stimulation may be caused by a reduction of the negative surface potential by 
Al. 
It can be concluded that the three ectomycorrhizal fungi examined are sensitive 
to low pH and Al concentrations at values occurring in the soil solution of Dutch 
forests, though with considerable differences among these fungi. Apparently high 
NH4+ concentrations have no adverse effects on the growth of the fungi provided that 
the pH remains constant. In Dutch forest soils concentrations of Η ' and Al 3 + have 
reached levels that may reduce mycorrhizal formation between Douglas-fir seedlings 
and Lacearía bicolor. The concentration of NH,4+ is also of importance despite the 
insensitivity of the two separate partners to high NH44" concentrations. 
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High deposition of ammonium compounds and atmospheric acidity on forest soils 
may lead to NH4+ accumulation and soil acidification and thereby to changes in the 
soil chemistry. In the soil solution concentrations of NH4+ and Al and heavy metals 
increase, while the soil pH decreases. These so-called chemical soil factors may be 
involved in the decreasing vitality of trees and also in the decrease in the numbers 
of fruitbodies and species diversity of ectomycorrhizal fungi. In this thesis it has 
been investigated how three common ectomycorrhizal fungi isolated from Douglas-fir 
respond to these chemical soil factors. Besides growth ion uptake is of special interest 
because it is a general assumption that ectomycorrhizas - the symbiosis between tree 
roots and ectomycorrhizal fungi - improve nutrient uptake. 
In chapter 2 the effects of varying NH4 f concentrations and pHs on growth of 
the three fungi are investigated. An increase in the NH4+ concentration of solid 
nutrient medium leads to stimulation of biomass production, while radial growth is 
not affected or slightly reduced. However, when medium buffering is insufficient the 
medium acidifies because NH4+ uptake is accompanied by excretion of H + . At low 
pH values both biomass and radial growth are reduced. The sensitivity to low pH is 
the highest in Lacearía bicolor and the lowest in Lactanus rufus. 
A kinetic analysis of the uptake of NH4+ and K+ each in a low concentration 
range is presented in chapter 3 Uptake of these ions obeys single Michaclis-Menten 
kinetics with considerable variation among the fungi as far as the kinetic constants is 
concerned. The Km values for NH4+ and K"1" uptake are 6 and 24 μΜ for Lacearía 
bicolor, 35 and 18 μΜ for Lactanus rufus and 55 and 96 μΜ for Lactanus hepaticus. 
In addition it is shown that the kinetic constants for K + uptake are not significantly 
affected by addition of 100 μΜ NH4 + , except for the K
m
 in Lacearía bicolor. It is 
argued that the increase in Km has to be ascribed to depolarization of the plasma 
membrane and not to competition of МЩ""" and K + for the same carrier. 
Chapter 4 shows that high concentrations of aluminium (mainly as Al 3 +) are detri­
mental to Lactanus rufus and Lactanus hepaticus. Lacearía bicolor seems tolerant 
to Al although its appearance changes drastically to a more compact growth form. 
Therefore it is possible that the capacity of this fungus to reach tree roots and to 
form mycorrhizas is inhibited by Al. Al toxicity is not alleviated by raising the Ca 
concentration. An increase in Mg is effective in case of Lactanus rufus only. Further-
more raising the Ρ concentration alleviates the sensitivity of both Lactanus species 
to Al. Uptake of K + at a concentration of 100 μΜ is not affected by Al in Lacearía 
bicolor and Lactanus rufus, whereas it is reduced by Al in Lactanus hepaticus. The 
latter may point to a surface potential effect in Lactanus hepaticus. That such effect 
does not come to the fore in Lacearía bicolor and Lactanus rufus may be due to the 
fact that the K+ concentration applied is much higher than the Km for K''" in these 
fungi, whereas in Lactanus hepaticus the Km is of the order of magnitude of the 
K* concentration applied. In chapter 4 the pH dependence of both K+ uptake and 
biomass production in liquid medium is also investigated. At low pH (between 3 and 
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4) K + uptake is inhibited in all three fungi. Biomass production of Laccana bicolor 
is inhibited, whereas biomass production of both Lactanus species is unaffected in 
this pH range. 
The short-term uptake of orthophosphate (Ρ) at concentrations between 1 and 100 
μΜ is studied in chapter 5 and can be described by single Michaelis-Menten kinetics 
with K
m
 values varying from 1.5 to 13.1 μΜ. The K
m
 value for Ρ uptake increases in 
the order Laccana bicolor, Lactanus hepahcus, Lactanus rufus. Besides, it depends 
on the buffer that is applied. In all three fungi Al inhibits the short-term Ρ uptake. 
This effect could be ascribed mainly to the complexing of Al with Ρ which reduces the 
free orthophosphate available for Ρ uptake. On correcting for this complexation Al 
still slightly inhibits Ρ uptake in Laccana bicolor and Lactanus hepahcus. However, 
with Lactanus rufus then a stimulation of Ρ uptake is found. This may be ascribed 
to a reduction of the negative surface potential by Al. 
In chapter 6 it is shown that cadmium is toxic to the three fungi at very low 
concentrations. Laccana bicolor and Lactanus hepahcus are the most sensitive to 
cadmium, but Laccana bicolor can partly adapt itself to cadmium. 
In chapter 7 the results of the preceding chapters are discussed and compared 
with results of a study concerning the effects of soil chemical factors on Douglas-fir 
seedlings, inoculated or not with Laccana bicolor. It can be concluded that Laccana 
bicolor is sensitive to both high Al concentrations and low pH just as Douglas-fir and 
the mycorrhizal formation between the two symbionts. On the other hand, mycor-




Hoge depositie van ammoniumverbindingen en sterke zuren vanuit de atmosfeer op 
bosbodems kan leiden tot NH4+ ophoping en bodemverzuring en daardoor tot veran-
deringen in de bodemchemie. In het bodemvocht nemen de concentraties van am-
monium, aluminium en zware metalen toe, terwijl de bodem pH afneemt. Deze 
zogenaamde bodemchemische factoren kunnen een rol spelen bij de afnemende vi-
taliteit van bomen en de achteruitgang van de aantallen en de soortenrijkdom van 
paddestoelen van mycorrhizavormende schimmels. In dit proefschrift is onderzocht 
hoe drie algemeen voorkomende ectomycorrhizavormende schimmels: Lacearía bicolor 
(Tweekleurige Fopzwam), Lactarius hepaticus (Levermelkzwam) en Lactarius rufas 
(Rossige Melkzwam), alle geïsoleerd van de Douglasspar, reageren op deze bodemche-
mische factoren. Hierbij is ionenopname naast groei van speciaal belang. Dit omdat 
algemeen aangenomen wordt dat ectomycorrhiza's - de symbiose tussen boomwortels 
en ectomycorrhizavormende schimmels - de opname van voedingsstoffen verbeteren. 
In hoofdstuk 2 zijn de effecten van variërende NH4+ concentraties en pH's op de 
groei van de drie schimmels onderzocht. Een toename van de NH,»"1" concentratie in 
vast voedingsmedium leidt tot stimulatie van de biomassaproductie, terwijl radiale 
groei niet of slechts weinig geremd wordt. Het medium verzuurt bij onvoldoende 
buffering van het medium, omdat NH4+ opname gepaard gaat met uitscheiding van 
H+ . Bij lage pH zijn zowel biomassavorming als radiale groei geremd. De gevoeligheid 
voor lage pH is het grootste bij Lacearía bicolor en het kleinste bij Lactarius rufas. 
Een kinetische analyse van de opname van NH4+ en K+ , beide in een laag con-
centratiegebied, wordt gepresenteerd in hoofdstuk 3. Opname van deze ionen voldoet 
aan enkelvoudige Michaelis-Menten kinetiek met aanzienlijke variatie tussen de soor-
ten betreffende de kinetische constanten. The K™ waarden voor NH4+ en K+ opname 
zijn respectievelijk 6 en 24 μΜ voor Lacearía bicolor, 35 en 18 μΜ voor Lactarius rufas 
en 55 en 96 μΜ voor Lactarius hepaticus. Bovendien is aangetoond dat de kinetische 
constanten voor K+ opname, met uitzondering van de K
m
 in Lacearía bicolor, niet 
significant beïvloed worden door toevoeging van 100 μΜ І Щ4". Het is beargumen­
teerd dat de toename van de K
n l in Lacearía bicolor moet worden toegeschreven aan 
depolarisatie van de plasmamembraan en niet aan competitie van МЩ"1" en K + voor 
dezelfde carrier. 
Hoofdstuk 4 beschrijft dat hoge concentraties van aluminium (hoofdzakelijk Al 3 +) 
schadelijk zijn voor Lactarius rufus en Lactarius hepaticus. Lacearía bicolor lijkt to-
lerant te zijn voor Al, alhoewel het mycelium onder invloed van Al veel compacter 
groeit dan in afwezigheid van Al. Het is daardoor mogelijk dat de capaciteit van deze 
schimmel om boomwortels te bereiken en mycorrhiza's te vormen door Al geremd 
wordt. Al toxiciteit wordt niet gereduceerd door verhoging van de Ca concentratie, 
Een toename van de Mg concentratie is alleen effectief bij Lactarius rufus. Boven-
dien is gebleken dat verhoging van de fosfaatconcentratie de gevoeligheid van beide 
Lactarius soorten voor Al verkleind. Opname van K+ bij een concentratie van 100 
μΜ wordt niet door Al beïvloed in Lacearía bicolor en Lactarius rufus, terwijl deze 
73 
wel gereduceerd wordt in Lactanus hepaücus. Dit laatste zou kunnen wijzen op een 
oppervlakte potentiaal effect in Lactanus hepaücus. Dat zo'n effect niet naar voren 
komt bij Lacearía bicolor en Lactanus rufus zou het gevolg kunnen zijn van het feit 
dat de toegepaste K+ concentratie veel hoger is dan de Km voor K+ opname in deze 
schimmels, terwijl bij Lactanus hepaücus de Km van dezelfde orde van grootte is als 
de toegepaste K+ concentratie. In hoofstuk 4 is eveneens de pH afhankelijkheid van 
zowel K+ opname als biomassaproductie in vloeibaar medium onderzocht. Bij lage pH 
(tussen 3 en 4) is de К ' opname in alle drie schimmels geremd. Biomassavorming van 
Lacearía bicolor is ook geremd in dit pH traject, in tegenstelling tot biomassavorming 
van beide Lactanus soorten. 
De 'short-term' opname van orthofosfaat (P) bij concentraties tussen 1 en 100 
μΜ, bestudeerd in hoofdstuk 5, kan worden beschreven door enkelvoudige Michaelis-
Menten kinetiek met K
m
 waarden variërend van 1.5 tot 13.1 μΜ. The K
m
 voor Ρ 
opname neemt toe in de volgorde Lacearía bicolor, Lactanus hepaücus, Lactanus ru-
fus. Daarnaast blijkt dat de Km afliankelijk is van de toegepaste buffer. Al remt de 
'short-term' Ρ opname bij alle drie schimmels. Dit effect kan in hoofdzaak toegeschre­
ven worden aan de complcxering van Al met P, wat de vrije Ρ beschikbaar voor Ρ 
opname reduceert. Wanneer gecorrigeerd wordt voor deze complcxering blijkt dat Al 
Ρ opname in Lacearía bicolor en Lactanus hepaücus nog in geringe mate remt. Echter 
met Lactanus rufus wordt dan een stimulering van Ρ opname gevonden. Dit zou toe­
geschreven kunnen worden aan een reductie van de negatieve oppervakte potentiaal 
door Al. 
In hoofstuk 6 is beschreven dat cadmium in zeer lage concentraties giftig is voor 
de drie schimmels. De gevoeligheid voor cadmium is het grootste bij Lacearía bicolor 
en Lactanus hepaücus, maar bij Lacearía bicolor neemt deze na verloop van tijd af. 
Dit wijst erop dat Lacearía bicolor zich gedeeltelijk aan cadmium kan aanpassen. 
In hoofstuk 7 zijn de resultaten van de voorafgaande hoofstukken besproken en 
vergeleken met de resultaten van een onderzoek naar de effecten van bodemchemische 
factoren op Douglasspar kicmlingen, wel of niet beent met Lacearía bicolor. Hieruit 
kan geconcludeerd worden dat zowel Lacearía bicolor als Doiiglasspar en de mycorrhi-
zavorming tussen de twee symbionten gevoelig zijn voor zowel hoge Al concentraties 
als lage pH. Hoge NH4 ' concentraties, daarentegen, reduceren wel de mycorrhizavor-
ming, maar niet de groei van beide afzonderlijke partners. 
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CURRICULUM VITAE 
De schrijver van dit proefschrift werd geboren op 17 augustus 1959 te Kollumerpomp 
Na het behalen van het Atheneum-B diploma aan het Lauwerscollege te Buitenpost 
studeerde hij biologie aan de Rijksuniversiteit te Groningen. In april 1985 deed hij 
doctoraal examen met als hoofdvak Plantenfysiologie en als bijvakken Bodembiologie, 
Ethologie en Milieukunde. Van 1 april 1986 tot 1 september 1990 was hij aangesteld 
als onderzoeker bij de afdeling Plantenfysiologie van de Rijksuniversiteit Groningen, 
waarbij de werkzaamheden werden uitgevoerd eerst op het Laboratorium voor Chemi-
sche Cytologie en later op het Laboratorium voor Celbiologie, beide van de Katholieke 
Universiteit Nijmegen. In deze periode werd het in dit proefschrift beschreven on-
derzoek verricht. 
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